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A bstact

Phe purpose of this research effort was to design. fabr'icate. and test a tactile

sensor system consisting ot an external high impedance switch circuit, an external

inIiitiplexing circuit. and a tactile sensor IC. fin ordcer to accomplish this objective.

a hardware design and selection process, xzt imlplernented along with a logical test

methodology. The hardwa.-e included an electrode arrayN. IC containing an S x S array

of eqiually space alum111inum11 Clectrodles (each electrode m-easured -100 x 4100 jtmi and

they were space([ 300 pim apai t ). and 6-1 igh iniput, impedance MIOSFET amiplifiers"

(each p~ossessin~g a gain or 12A0. nko wi chie "eme supporting comp~onent, hardWdl

sub-sytmns cwastng of a igh i nipedance reed switich network a fld a iliult ipl)Ixei

circuit. 1)0th of which were realked fron- oinierriallQ availalble comiponents. T'ik

test methodology developed ensured thdiat a-~ problem-s associated with1 either the

supporting cominonent llardlwax or the inteupratwd circuit could be identified ead y

in the test hase, and( thus. thi efecs could be accounted for.

A high impedance switch network resulted in the aityto etally apply a

fix&. ,zw the entire electrode array structure and the attached piezoelecti~c PVI

filml I. c!eve a uniformn iniut ial conidi mi-I .-zate. ]Ihe- ex\ternal mul11tipllexer (:11 il fa-

cilitatied aimpling the array elements . aowu degrading any taxcl's cectri~ alt Iwhrge.

-he repon~e of the tactile Nen'~oi fabi icated using a 410 yrm thick square of i)iezoel(ec

tric PVI Fh filnicated li n'-al-ty p "nkug loadb of M.S g io 135 g. a load resolution

of 20 g, and a mnaxim"Ium iWnchwidih -d 25 AL. Osng an elermnawry shape iecoqgnit i!

algorithm that was implemented by mathematlical manipulating tOhe pire-loacl. load.

and hpost-loadl ieasiremvint 4d t h, tactile sNowor elct-rode array. it. wz !iscox crc'

that the t actilIe sensor could w(let Ow heSh(.p 0of d load inl contact wi t-h its sin rfacc

wit It a spatial rosolii io on t lie order of 70t0 pill.

The considerable crosstalk (bet wel 35 5. and 75% resiung IFrom tOh IC lay oit

design comrbined wit It the (oit ~itiplie M is dime [o the adhesivyes used for fabriral Iing

the tactile sensor) slighly affected the operation of ilhe sensor: however, shape andi

load informnation could be readil) ext ra tied. The charge signial amplifiers exhibited

breakdown over tune dIue to the Inagiu inde of the operating p~owe(r supl)hy whvol

uised to achieve thie desired opera! uil, cliam'aweristucs of tile aljilifier.
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The adhesive study revealed that the urethane adhesive p)ossessed the b~est

electrical characteristics and 11 sclrolbustness comp~ared to either a lastic t%,pe of

adhesive, Loclflc, or a polyimide used as an adhesive. The plastic dielectric a(ihesi%-e

tended to cure extremelyI quLickly. resulting in poor adhesion and physical coupling

to the electrode at ra%. While the pol iniide p)ossessed bonding characteristics simlar

to the urethane. its electrical characdteristics exhibited an Increase in taxel crosstalk

level much larger than that observed with the urethane adhesive.



ROBOTIC TACTILE SENSOR FABRICATED FROM A

MONOLITHIC SILICON INTEGRATED CIRCUIT

AND A PIEZOELECTRIC POLYVINYLIDENE

FLUORIDE THIN FILM

IBackgrou a (

Computer controlled robots are p)1ogralmvled 1.0 move ill p~redetermfined~

p~atterns with minimal or no feedback from tlheir envir'ol nent. Ill thle future,
however: rob~ots will need to autonomtoubly adapt. quickly to changes in their

surroundings. Toward this end. robots wvill need to possess senses. principally,

vision and touch (90:177). When designing a sensing systemn which will enable

rob~ots to augament at luian workei . inspliat ion from j~lvsiological processes hiave

frequently been investigated (7:18-46G). th'le sense of touchi is necessary for robot-s

wich must perform intricate manipulatilons Miel e pre:,s.tII seiisitivil.x andl

movemllent witinil tighitly controlled spaces is critical. Equipped withi a, taction

capability, robots will be able to dlirect ly measure thle phyvsical properties of'

unknown objects, such as thleir lpo.itioII. orienit atl ioll. shape. and] texture (90:177).

Robotic tactile sensing hias beeni defined a., the (oliinuolls sensing of Variale

contact forces (.55::3). Coiiseciieiith. at dlazl mt 1.01,i madec beulveenl tisi, definlition

andl simple (binlary) contact or force sensing. ld( tile sensing refers to ski n-like

p~ropert ies. where localized regions. of' lu0rEceNsitive-( sjrlaces are cap~able of

rep~orting quantized signals and p~arallel pal teli nh of 1 ouch (55:3). From a dlesigni

pecrspctivye, robotic tactile sensing can be iliought of as a Livo-stC1) process,

transd uct ion and data processing (90:17,R).

Thbe typical tactile Sensor shiould pse ski u-li ke properties. Including h~

sensitivity. fast. response time. and conli imiomisy variable, signal1 outp~ut.

Adldi tionally. tI'le selisor shiori 14onsuincil low power. The tactile senlsor shouild
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dliscriminate objects as well or better thlan at hurnan adult. whlo is capable of

discriiniating two points 1.5 mmi apart when contacting their fingertip ('7:18-47).

The sensor should have a dyiinmic sensitivity spanning 1 gy Lo0 1000 g with no

II\ s'teresis. itild the corresponding outp~uts should be stale and reproducible

(90:178). Finally, thie sensor transducer should have a miinim-uin bandwidth of

100 Hlz (90:178)

Although therc are various types of tactile sensors, including thosc iti illiing

inagnetostrictjve, piezoresistive, capacitive, optical, ultrasonic, and( piezoelectric

techniques. research t the Air Force Institute of Technology (AFP) has

(oncent rated onl the p)iezoelec:tric, taWI ti l ning c:Oncept Which Lse.- it piezoelctric

p~olyx% Ii lidene fluoride ( PV I)F) film and at monolithiiic silicon integral ed circit

M('). A\ humnmnlamv of this research can be found inl a paper)C authlored by IKolesar.

"Ilil others (6:3:280-283).

Research cond uctedl by Capt. Iavid Pi rolo (C E-87D) investigated various

sensor electrode array configurations coup)led to piezoelectric PVI)F film. The

tactile sensor was fabricated from printed ci. cuit boards wvith the hope of

detl milling anl optimluml electrode configuration. hIs investAigation concluded t hiat

a mtrix of square electrodes %was the optimium taxel configuration. and that, a

10 pmn thick PVDF film was the optimum film thickness for a tactile sensing (lei ice

Capt Rocky Reston (C-8)designed. fabricated aind characterized a tactile

s-enlsor, Configuredl as a silicon inte-grated circifiL thiat. contained at 5 x -3 maltrix of

elect rodles coupled to a p~iezoelectric l'VIF film. H'e concluded thiat a 2.5 pm thick

PVDFP filmn mlanifest-ed the most promisinig resnlts, and that the in s'ii charge

amnplifiersi provided an adequate0 Iineam' mslonse for loads sp~anning 0 .8 1to IS g

(1001.

C apt D~ouglas Ford (C£Sl)incuiom ratd a miul lCeli int o I lie integrat ed

CHI icmit designl. 1* nfortunittelv. inlromupa ili Iii: bs et ween the R C time 'onst ants of'

thle p~iezoelectric: lolyv'inylictele lioi de ( PV\D)F) filn -and the input i mpedance of

each taxel elect rode amplifier compromised the sensor's operation (46).

Nevertheles, hie sticcessfully unt ilized Capt 1(.Ston ~s senlsor wiflh an off-chip

conimer1(lcial analog multiplexer to lenumtnst mate thle feasibility anld ad vait itges of

,automlaing thle data, collection process. Illk research also established tile

desir'abilityv of attain i ri a uniforin dilma 4e AM(-t o~ em tie entire array by con!t at in-!,
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each NIOSFFET amiplifiers gate electrode wvith a. Micromianipuilator p~robe which

was b~iased at a desired[ voltage level (46).

Capt Robert Fitch (GE-901)) increased thle density of the electrode

configrurat ion to a -7 x 7 mtatrix of electrodes and incorp)orated a multiplexer

element in the integrated circuit which serialized the output dlata. (4.5). Hlowever.

hie dliscoveredl that cliarge-leakagge comp~romlised the sensor's p~erformlance. anid it

Was caused by two p~henlomenla. The first cause was attributed to at low imipedance

path through the T-gate electrode selection circuitry which was pdrt of thle olchij)

InultilexeNr circuit. To solve the leakage prob~lem associated with the niul1tiplexevt

cir-cuit, it wias totally isolated from Lte electrode array elements. SubseqIiteuth%. it

51i(CCC."futl :1 x 3~ -Sub-iraV uf taxels Wvas shown to function prloperly. Thei 5feroiIld

chage lekaw Ir)1111 wi.- attributed to a low resistance path between liv -,Ad

wire bond( pad onl the IC package. This pathi Was subsequently identified -.( iiat C

beeni Caused 6% residual traces of acetone u hidi was, used to remove exxces- dhse

.whcin applying tile PX'DF film. This cliarge-leakage limnitation dlid not uie-ate thle

successful operatLion of 'Lhe sensor: however, it dlid reduce the timle thle sensior Was

abeto operate. To solve this problemn. hie recommended tising -L silicon rubber

coati in,, to cover thle bond pads before falbricaiii' the taictile sensor (45 j.

This I, hvsis will inlvce'4i- te a. miet hod for continuously sensling ic Nha-i and

weighit of ani applied load iusing_ a sensor whose acuive area is on thfe orzlet k Ili.. 1,

a Iuta adflt's fingerClitip. rim, reseat ci lfri shiould satisfy several rvfpiirenvn-.

Ibd(Igrafi(J ('11-rui I 'M c~on% Inl fijinre robtic alpplicat ions,. Iihe q;,iw of fil(

tact ile senlsor should be onl Life order ,ft the( aduhltizutuans f ineerfil) (,- f.;.-ihi;ate if

[mtv-frat ioti Ivitii ai robot I icmitiilaztm. If. 'for examrple. the(se mensors ia: enilil

onl I robhot'* fing'eri ip'. t ie- force feedbl-ark Io,"zz t lie senlsors woldi iludi' .itle[M

i-hi lv anl object hlas been _ rasped. .\ddit-nalk-. the t actile -,visuir slipoih h, !

Al)ilitY it, istinguish1 spatial re~oliztio Ps well, or better. tii -tn a human. nhil.,'~

of jperfortinatir'e IT ,iires a high densityv of closely spaced gaxls. A sesrCmnipo-wil

(if a I wo-itmetsitiial array of clusely spared : axels should be cajpable -it
fundmental image seivsinm and thius. renile: iii ,fbIot Willh thle abiit :t 'tm ,vII

I he %hlap nf anl objeri inl Iits -rasp.



Output .4 mplflcalion. The voltage grenera ted by the piezoelectric film

selected for this apl)ication is extremely small (typically a, few mV). Therefore, the

electrical signals generatedl must be amplified. The amplifier circuitry must RlSO

po0ssss a largfe linear region to facilitate accurate detection and amplification of a
taxel's resp~onse voltage. a large bandwidth to enlable detection of the changes in

the charge relative to sm-all increments of time, and[ sufficient gain to provide an

adequLate oUtIpu I signal level for off-chip signal piocessi ngn

i a uduciiny via Pi(czoclwrhic-ity. Since the p)urpose of the tactile sensor is to

detect whether it is in contact with an object and the resulting applied force, the

senisor 11111t be able to i raii~duce Ithe iedia inica I forces into useful electi cal signials.

Alt hough there art, several transducing techniques available. piezoelectric

technology will be investigated in this thesis. The p~iezoelectric material selected fur

this research effort was a polyvinvlidene fiioride (PVI)F) lpol mneric filmn. The

PVDF lpoli-eri ]im possesses several adlvantages relative to other transdcIIing-

materials, including a Mide frequency range of operation (DC to approximately

10 MIHz) a lwae dielectric strength complared to conventional lpiezocerainlc

materials (:30NV/ion versuIs 1.5-V/mnicron) and a relatively large electrical

impedance (this is an adlvantage whic allowas the film to lprovide a comlplimentaiy'

miat ch 10 high-i IIJut imupedlance clevices: for examp~le, CMOS integrated circuits).

Since the film is thin and flexible. it can be laminated to a vibrating structutre

wiLrout signifcantly dampening the motion of the structure. and the film call be

cut and fomied into complex shapeN or p~reparedl as a large transducer area.

Adldi tional. the PVD F polymer's fabri ation costs are generally lower than those

of other piezoelectric materials (A1N5).

I dh csi c-. A robust adhl isi ye for borln I g thle iezoelec t c thin ii i to the

RA ' elect rode aa is r'eqtuired for long-ymrin respa r~h apl~licat ions and potential

use of the sensor in dlifferenit en vi ron mentIs.

Scn.-.oi- Thmaiiqy. 'The piezoelectric IPVDF Ipolymrreric Film, which will be used

in this i nvestig(a Lion. mu&,t be stalilized (or biased) pi ior to the application of a

load. PIOus research efforts dliscover'ed t hat the piezoelectric PVDF filni requires

an initil W As voltage be a pplied acros thle film to induce a uniform p~olarized
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state. This enables the film to ,enerate anl adlequate amount of chlar~e which is

p~roportional to an applied load (-1,5:6-1: 46:VL :100:6-1). This initial biasing
requirement will be satisfied by establishing d uniform initial cond~it ion across the
film's surface; it also tends to comp~ensate for any inherent stress in thle PVDF film

resulting fromi the sensor's fabrication and filin adherence lprocess.

output Mvotipievayg. The tactile sensor's output will consist, of several

simulitaneous output lines of information. To be able to priocess the in1foi iautionl

rap~idly, the ou~tputs Will be mul.1tiplexed. The sam-pled output. voltage canl be

p~rocessed by comnparing thle results before. during, and after a load is applied to

thle sensor's surlaCe.

Hinimization of the Pyroetectric Effect. The piezoelectric PVI)E film is also

Ijyroelectric (thle electrical chiaracteristics xvar% according to temperature) (68:17).
To accurately obtain test data wvhich correspond.~ to thle PVDF's piezoelectric

effect. the lpyroelectl'lc effects must be minimizedl or otherwimse compensated for.

Scope of the Effort

A tactile sensor will be designed. fab~ricated, and characterized with respect

to its, ab~ility to detect the weight. and shape of' an appjlied load. A piece of

piezoelectric PVDF filmn will act as tHe chiarge generalin g polymer whichi will be

att achied to the surface of the integ)ratcdi ciictilt electrode array. The integratedi

circuit will b~e [abricated using silicon planiai techinolog,v and it will1 conita in a

two-dimensional aluminum electrode ai idV and aussociated w otige amplifier.". Once

the p~iezoelectric PVDF filmn is coupled t~o the electrode array. the tactile sensor Is

reali zed.

Off-chip biasing circuitry. realized withl a 11igh outpu~lt iflh)Cdaiice SWItCh. Will

be used to establish a Uniform Initial (ouiitiiion. Off-dmip iumiilt iplexing' cii r oitry.

configured from conimiercially availa ble Ws('. wvill be us.ed to seriallyx outmut thle

taxel dlata, for sutbsequent signal processimg. This researdh efloi t will focus onl the

following critical issues:

Amipiier Design/I~evised Pc rforimari cc ha(i'Oct(1rist ics. Thle voltage

amplifiers onl the integrated circuit wvill be dlesigned to pioxide an adequlate signial



level which can be multiplexed wvith a separ-ate circuit. Thle IMOSFET amplifiers

dlesignCed and fabricated in Capt Reston's research possessed a linear region which

extended from 3.5-V to 3-V. and the correspondling, gain was 6.7 ( 100:4-2). In Capt

Fitch's research. the in .siu NIOSFErP amplifiers possessed a linear region which

extended from :3.5-V to 6.2-V, and the corresponding gain was 4 (-13:5.8). A gooal in

this research effort was to design a MOSFET amplifier w%.hich would p~rovide a

larger linear operating region (ideally, extending from 0-V to 15-V) compared to

the previous designs. Because the lineai legion was extended, the gin was reduced

to appIroximately 1.2:).

Ad-rdhir Lcalualion. Urethane, a polvitnide dielectric, and a plastic

dielectrtic. typ~ically used to b~ond and conlortnidllv lassiva.te printed circuit i~oar~lis

and e-lectrical comlponenits, wvere evaluated a,, p~otential PVDF film adhesives. The

ab~ility of these three adhesives to couple clharge to the MOS17ET1 gate electrodes

and to establish a robust mechanical lbond to the electrode arrayv was evalua-ted.

Chairqc Leakagc. Previous research (415:6-2; i16:VI-3) has indicated that

charge leakage wias p~revalent in the integrated circuit package. In an effort to

resolve this issue, a conservative design based upon C'apt Reston's succesbful tactile

s;ensor was implemented. TFo minimize (hui g leakage through the IC-- package. two

procedures were used during the fabrication of the tactile senboi to miunimize the

charge leakage effects. Initially, plasma. ashing was used to t'emo,,e the residual

acetone contaminatLion which i ernans as a t e.sull of* attaching the lpiezoelect tic

PVI)F filmn with an adhesive. Shouk! the DU resistance between the g,,old bond

p~ads b~e degraded, this IC and all subsequent IC5s will lbe fabricated by coating the

golcd bond pads and leads wvith a sione rubber inbi ane or an altema i e

low-loss dielectric thin film beflore the piezel i ir IPVD1 film attachment adhesive

is applied.

Ucect rode :1Irray In itia! 8ias Stalh UHie previous research efforts revealed

tat bisng the input electrodes, which are dlireCtly- Coup~led to the charge

amplifiers, is a difficult. lproblemn (45:6-1: -lG:I1: 100:6-1). Nevertheless. this bias

feat ure is critical foi- estalishing a huninueneomi in-itial charge state condition

throughout the two-dimensional amity of sensing elements. Any stress in the PVDIF

film, lime to its adherence to flue arld3 sArm It rc om which is, attributable to a, prior
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loading condition. may cause the pre-loadeci initial condition potential to differ
amog the electrodes. This variation must be iniiized and controlled, an tii

requirement can bie achieved bybaig each MOSFET amplifier to estalblish a

pseudo-lincar and timne-invariant. direct current (DC) operating point.

Pyroccric IEJfr-cI ii iain Because the p~iezoelectric PVDF film is also

a pvroelectric miaterial, the pyroelectric effects from external light sources, the

surrounding equipment, and hum~an Contact should be m1inimized. Pyroelectric

effects will be measured ielative to a bulk piezoelectric PVDF film sample and for

an assemlbled tactile sensor. A-n attempt to minimize these pyroelectric effects %Vill

be lpnrsued by using a lighit-tight chamber to isolate dhe tactile sensor. thle

associated circuits. andl test probe during the sensor testing p)hase.

i. Thie piezoelectric P1VDF film will isolate and minimize crosstalk between

nearest- neighbor t xl.Any vmeasurable crosstalk attributed to the fringing field

or leaikage culient b~etween adljacent electrodes ,Vill be cluantifiecl experimentally to

determine Its effect on the sensor's p~erformance.

:2. -PTe adhesive which bonds the p~iezoelectric PVDF film to thle array will

have elect rical characteristics that dto not compromise the charge generating)

properties of' the PVD*IF film. That is,. the p~iezoelectric PVDI? film will generate a

ti)fficient quantity of char-ge which can be detected by the chatge signal allfes

:3. The I 32-pin integrated circuit package5 fabricate'd by the

Me(tal-Oxicle-Senuliconl(luctor- ImplemITentation1 Systemn (OS)Will function

accoiding to the Corn puter Aided IDesigni (C'Al)) tool Simulation Program.

Integrated Circuit Emnphasis (SP~ICE) analyses performed (luring the IC design

p~rocess.

1.The test, fixtutre (designed by Capt Fi'tc mliad illustrat-ed in Figure 1.1) wvill

be Capable of a~pplying the test load shiapes (fot examp~le. an edge, a .5mall bsquare. a

smiall circle, a lpolgon, a slotted screw, a cross-slotted screw, a large solid circle,

aInd a1 toroild) "p~anning~ In weig'ht from I t Io 100 g.The contacting planiar surface

of' each loald shape wvil rotform a unifrmi interlace wvith the IC arraiy uplon thir initial

Cont act an1d th iroutghout tdi~e full a 1)1)1ication of' t ie test. loald.
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I'igyute 1.1. F'ixture For' Applying The Test Load Shapes (4-5:4-18).

I-IS



A ppiroa ci

Thlus investioation consisted of three critical objectives: flist, the designl Of the
jnte-ratedl circuit and asbociatedl support equipmnent configurationb: second. the

fabrication of the tactile sensor and( assembly Of thle su~pport equipment, andl thuid.

the performance evaluation of the sensor.

The integrated circuit was designed Using the Vcry Large Scale Inltegra ted

CircitL (VLSI) CouLter Aided Design (CAD) tools known as MAGIC (a

grap~hical integratedl circuit layout editor) and SPICE. The IC size was limniteA to

ain area mecasurig 7.9 mim by 9.2 min. The center of thle IC die cont'ained anl S \ S

array of equallv ,pjaced and sized aluminum electrodes surrounded by cliai ge signail

amplifiers. TO miiinize leaka-e bet weV bond pads. all1 Input bond pads Ier c

lplaced alon one edg)e of' thle IW. and all output b)ond p~ads were located oii the
op)posite edlge. An o\ er-glass cut wvas used to facilitate the unliformn adheie(lce of

the PVDF filmn to the electrode array.

The M etal- Oxidle-Scm iiconduItctor Imp~lementation System (M OSIS) fabricated

the integrated circuit. During this fabrication period, the test eqjuipmnent. including

the external bias and multiplexer circuit. wvas configured and t~stecl in thle

Cooperative Electronics and Mlaterials Processing Laboratory. Also, prelirni nat y

tests were p~erformed onl the PV'DF film to evaluate its chiarge generat.ig
capailities \kheii tile IC received from 1MOSIS. itselcralpoits

evaIluated. OnRc it., operation is characterized, a tactile sensor was realized by

attaching the I"VDF' film to thle IC's electrode arrav.

The tactile scnsor pei'tormance tests began with individual elect rode respoiise

test~s (lesignied t~o characterize electrode lperlormia lice and to determnine If

inter-elect rode crosst'alk exists. Nex t, severa.l load shapes were p~lacedl onl the

electrode array to establish the sensor's capability to detect, thle load's shape aild

weight. TIhr-oughot the l)CIfoinmance evaluation phmase. the effects of teinperat ii

onl the electrical perforinanl( 01 ofth de'viCe were( uteaSUred. and dhe adiesi yes itsed

to attach the IP\D F film to thme W wei e eval tlatedl relative to their elect iica I dud

p~hysical p~erformnance Over time.

Ord r- of Prnseniatioii

Chlapter 11 est ablishes a clefi ii ionl of tact'ile sensing anld inucluides a brief

Ii teratie review of tactile senlsor resea icit effoi'ts. The definlitionl. hist or\ ald



theory of p~iezoelectric and pyroelectric phenomena are p~resentedl in Chapter Ill.

Chapter IV describes the integrated ci rckZi I an SIwspport component design.

Chapter V outlines the tactile sensor fabrication process and general test

p~rocedlures required to evaluate the electrical characteristics of the tactile sensor as

well as thc electrical and physical characteristics of the different adhiesives.

C'haptei \71 contains the test results and subsequent analysis. A summary of the

lpertinlent con1clusions 11nd recomnmendlations is presented in1 Chapter VII. The

app~enldices include listings of the materials and cequipmnent req~uired for this thiesit.

test dlata and graphs acquired during the evaluation of the tactile sensor. and t he

comp~uter code listing~s u.Sed to e-xt ract, data from the test. equipment.



II. Robotic Tactile Sensors

In troduct ionI

Tactile sensing, depends significantly upon the ability of its material

characteristics to t ranscluce externally app)liedl forces into electrical signals. The

fproblern of transducing externally applied forces into electrical signalspoess

several solutions. Many mnaterial properties lend themselves Well to the

transduction process; typ~ically, the effects of external pressure on the mnaterial',

inherent p~roperties are determined by measuLring the changes in one of Its elect rical

characteristics. such as capacitance. induction. oi resistance. Light, for example.

can lbe used in the transduction process5. Ib determining the affects of thle applied

pressure onl the transmission of the Ilit in its transmnission miedia.

In this chapter, a definition and description of' tactile sensing Will be

p~resented. Next. a basic review of' the human tactile ability Will be discussed,

p~roviding a background which relates this ability to the dlesigni requiremnents of

robotic tactile sensors. Finally, current Ii tera turle concerning tactile sensor iresea rchm

Will be reviewed. This review Will dlescrib~e several categories which correspond to

the p~articular technology being exp~loited. Initially, piezoresistive tactile sensors

will be dliscussed. followed by those sensois u1tilizing a magiietostrictive tralbiIdciiig

t-ecimiqu~e . . capacitive tac:tile semisois will be discussed. The use o1f ultrasonics"

Inl senlsors Will then be developed, followed bY a te% jew of sevel al op~tical techniqules

currently being p~ursued. Finally, to p~rovidle insight iiito tis research investigationl.

p~iezoelectric tactile sensor technology will be presented. Froni this literature

rev-iew, theC reader Will Understand that the soluition to the tactile sensor

transducing prob~lem does not p~osses", only one soluitionl, b~ut ia ther. mans solti onl

op 'tnties exist each with theiir own set of' adv\ant ages and disadx aiit ae:,. Th6i1

cliapi-er will provide the reader W ith thle lb011 udanton t~o appreciate an i uiderst an

this research elfort.

Robotic Sensors

The first robots Were designed foi the repeated execution of preprogran[I iied

sequences of motion, and they dhid ilot, require all\y exteri al s5ensing capabilit.ies

(1) Hlowever. if' robots are to be iiiilized iutonomously. hymstJoSS
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certain qu1.alities Which Will enFable them to initeract wvith their environment (42::35).
Tlo realize this tYpe Of autoiiom1y. rots imust possess senses. and this need will

lplace an increcased demiand on the pcrfui mamice requir-ements of new tactile imaging
sensors. Image processing an([ control systems (1:36:1,11).

The two most critical robotic senses are vision and touch, b)0th of which are

generall1y considered complementary foir most fu tum applications (55:4I). Vision

systeim, p~erhalps the miost developed robotic technology. enable a robot to identify

an obj.ect. determine its location. and avoid it. if necessary (90:1t77). Unfortunately.

vision systems reqju u- structured lighting, multiple camneras. and comlex

comlputationa.l assets to p~rovide depth p~erceptionl. and theN can frequently be

obsi ructeci by thle irobot itself or other object s (1I2:35).

On the other hiand. touch is unaffected by shadows. and it canlli ing u1Lish

objects relative to their backgrounds. Obv ivuslx. when a touIch s5enlsing syStem1 is

designed for a rob~otic mainlulittor. thle ioudm sensol musl!t be able to sensbe contact

wvith an ob~ject. H-owever. the sensor miust al1so be calpable of sensing a, range of

contact forces to perform manipulative task. That Is. the robot miust be capable of

-rasling nojc n eemnn t physical chiaracteristics - weight. size.

tompIeratni re. thermal conducti vi tv. hardclness, surface teXture, and spatial

dlisp~lacement (9:19). Additionally, a robot must regulate the amount of force

required to grasp an object without having it slip) during hadlng for example
carefullylimoldi ug a i egg without breaking It . oi firink grasping a hanuinei without

dropping it (9:18). To implement thiese i equim ed tsk5, a feedback medhamismn miust

be~ Incorporated to .supply f'orce informnatilon lracl( to the robot's control system.

T.he feedback mnechanism is considered esbential to successfully manipulate a

robot 5 manilpulato. (:39::3).

Hu imain Touch Sen.5;ny

The human is quite good kit gr-asping. a1ii.1 ma nipim lat-i ng ob)jects. I.Si ng touch

athe feedback meclianis n for holdiiig the objoI'c ( 10-I1:5). To0 provide a basis for

tactile sensor requirements aind designs . a brtielf (le.cril)Lion of a humnan's ability to

sense touch will be disclissed.

The hiumanl skin possesses nine (lil1f-remi touich sensors, each responding to

parit ilar ext ernalI sim i li. such as licai N 01PrCessure. Of these nine touch sensor
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Figure 2.1. Neuromscular Spindle (10,4:6).
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F'igure 2.2. Ncurotenclinous Spindle (104:6).

types, tMo varatlits of seiisors. ol nerve endings, sense the activity of the muscles

(the neuromuscular spindle. as depicted in Figure 2.1) and the tendons (the

neurotendinous spindle, as depicted in Figure 2.2). providing information

concerning the spatial location and movemww of these areas of the body. The

seven other types of sensors can be regarled a-, the human skin's touch .ensor..

and they include free nei "c end~ligs. .crkel'. , disls. Ruffini end-organs..\eissi '.,

corpiscles. Pacinian corpuscles. lraus's corpuscles, and hair end-organs. All of

the.e touch sensors are located wit hii three layers of the skin: the epidermis (ol

outermost layer), the dermis. and the subcutaneous fat (the innermost layer)

('15:2-2). All of the sensors act togethe, to provide a direct response to contact

pressure, texture. temperature and pain. Figure 2.3 illustrates a schematic

representation of the nerve siippl% to the oute layers of the hair-free skin covering
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Ep'deumis -

subculancous

Fi- c240NreSpl To The Hair Follicle (104:9).

fingertip onto the edge of a piece of paper lying on a talble. i cannot be felt:
however. if the finger moves across the edge, the edge is easily detected.

In sinilat iiw the humnans ab~ility to t ouch. a robot should po0ssess similar
chVaacteriStics in its touIcIh ensing inecliaiiisin. [he specific dlefinition of a tacti1le

_slol and t he recquirelineit. which vinisi~e that~ the seim'or possesses at. lea.st the

sensing perlornance of the humnan. Will be dlescrib~ed next..

7TictIc S$n~sor Djfinilioll

[rhe aiiyto continuously sense the cont-act-ino' forces exerted on an objec

wit h anl array of Sensors canl be dlefinedl is I a tile sensing (.55:3). Tactile wensig

refe~rs to Skinl-like lprolert ies where areas" of' fui ce-sens.itive surfaces are cap~able of*

report ing discrete signalIs in a para I fashIiion to a processiniig systen 155:3).

Typically, tactile sensor stufaces consist olf two-dimnsional I(list ri buted arrays

which are incorporated onl thin. flexible IuIstratcs that are durable wnd comphlii

(55:4),

When designling a tactile sensing1- :,SLV5t'1T which Wvill enable robots 10 ilgnli-Cll

flie i ina n worker. inuspi rationi fromi phi siological p~rocesses are frequently

invest i-at ed (7:1*S 16 )i. In humian tactile per elpt-ion. the abilitY t~o dIisciiniat e iwo



Table 2.1. Characteristics Of Human Nerve Endcings (10,1:8).
Nerve 1Receptive Vi l)ration TerFCn peratu reC Sti MUIl s
Ending Field (mm) jResponse (H1z) I Range K0 )Ee etr
Meissner :3 - 1 8 - 14 -Texture, Normal Force
M-erkel :3 - .1 2 -:39 Shape, Ede.Tetr

IPacinian 10 164 - 400 -j Vibration
Ruffini [ - 16 -,I Skin Stretch k- Warmth

Krau 1-16-t Cold

simultaneous indentations with the fingertip1 is seriously diegraded when tilie

iilterlpoint distance becomes less than 2 nun. and it worsens t.o more than 20 mnni

with respect to areas located on the back of the fingertip (.55:10). To realize a

similar res,.olution. each tactile sensor should incom porate a (lnearray coiipoed ul

discrete sensor elements, or taxels, which typically number from 2.5 (5 x .5) to 102 1

(:32 x :32). and are spaced less than 2 min center-to-center. The surface

configuiration of the array should best mimic the humnan touch sensing miechanisni.

being limnited only by the p~articumlar geometric constraints offered by the pait Icular

design and fabrication tools used to realize the tactile sensor. The array
configuiration will help minimize16 tactile imaging time and enable the robot to

dleteriine object orientation by cdet ect ing fla t-surfa' 'ces. ronded corners. sha rp

Iedge~s. etc. (5-5:11)

Observations of how humians recogonize nby~cts .uggests that it ma~v be ww5eii!

to sense other variables in addition to the force which is perpendicularly directed

relative to the sensor's surface (28:46't. Tnat. is. a tactile senlsor shioiill possess the

ability to conform to a "Fin ertip- surface and sense both Shear forces (Slippage;

ain( temperature (9:18S). The determinat ion of slippage will enable a robot to

handle flexible materials (wvires, or cloth 1 om grasp smallI ('0il Vent lon'lI tools designed

for human use (screw drivers. haniers. pliers, wrenchies. etc.) (.55:7.11).

The requirements for desi gning an 11bm)1id in g a tactile senlsor correspond

directly to the intended application of the tactile sensor (9:18). As such. the

followiiw recjimrernents are [lhe "ideal"! requirements for a tactile sensor, awl best

approximate or improve it~s tou( h sensing ability when compared to the lunlanm. A\

rIoo*.s tactile sensitivity shotild ideally span I g to 1000 - wvith respect to each

array element . and a I g rference shouidH be resolvable WA: S). Also, the sensor
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should be able to tolerate excess force without suffering permanent (lamage. It

should also pussebs a fast response time (wide bandwidth), on the order of 100 lIz
(9:18). The sensor should manifest low hysteresis to facilitate correlating the

outpuit res ponses with the ap~pliedI forces in a reproducible manner which Is
indlependent of any pre-load conditions (9:18). T1he touch senscr shouild be able to

pre-process collected data to relieve the central processing unit (CPU) of niasive
data manipulations. This feature can be accomplished with distributed-logic arrays

and! multiplexers (.55:4).

Thlere are several excellent books which (lescribe the tactile sensing concept.
including the books bv Stauigaard (114). Coiffet (26). Russell (104). and B~rad%-

(16). which can be suipllernentecl with articles by Harmon (.35: 56: 357). Regtien

(97). Barth (9). Dario (27). Fearing (.39: 40: 4l1). Zhceng and Fan (1-10). Rooks

(10:3), P3. Allen (2: :3), Penny witt (90) and Arbib (4).

To realize a, tactile sensor. a selection from a multitude of transduction

technologies musbt be accomplished. Research into the various sensor technoloies.

slpccifically. miagnetostrictive, lpiczoresistive, capacitive, optical, ultrasonic. and

p~iezoelectric. continues.

TyIprCs of Tactlk Scnisors

Thicare t wo gieneral types of tactile sensors: pure~ force sensors. which

transduce the( direct application of a force into an electrically mcasuireable qiiantilt

(for example. the p~iezoelectric and piezoresistive effects) awl deflection sensor,%.

which mea.sure a force-relat ed dis -lacement (for example. magnetic. capaciitive.

ultrasonic. andl optical effects) (97:9.1). In this section. several types of tactile

!nens-OPm Will be disciissed. First. inagnetostrictive tactile sensors %%II ilbe presentedA.

Next. piezoresistive tactile sensors will be described. The research on capacitive

tactile seasors will be presenltedl. next followed by a description of the research

regarding optical tactile sensors. Finalli. the princilpleN of tiltrasonih tactile Svising~

and piezoveet-ric tactile senising will be developed.

.lhyn o-IrieirThctilc Sensors. A niagnetost rict ive mat erial is a mnaterial

which exhibit.- a chiange In its magifnetic field as a result of being iailhienced :,v

external forces. Se' era Imge src i esr hav e beeni dve~eloped exploiting

this, material property. including resear h conduicterl by Checinski (22). (lark (211.
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Figure 2.5. Magnetostrictive Tactile Sensor (129:100).

Vranish (129), Luo (70), and Hackwood (54). To demonstrate magnetos rictive

devices, a typical magnetostrictive tactile sensor will be discussed.

J. N1. Vranish of the National Bureau of Standards designed a

magnetostrictive tactile sensor consisting of a thin-film magnetoresistive array wi th

a 64 element sensor covering a 25 m n by 25 mm square, where the taxel spacing

was 2.5 mm (129:110). All of the taxels were covered with a thin rubber sheet

containing a row of flat wires which were etched on a. Mylar film. Figure 2.5
illustrates the magnetostrictive sensoi config'uration. The distance between the

wires and the taxels determined the ability to sense the deforination of the rulbbei,
and thus. a load's shape and weight. By using the magnetoresistive material, the

taxel detected small changes in the magnetic field surrounding the wires directly

ab)ove it (129:100). Any deformation of the rubber sheet which Caused a wire to

move towards its corresponding taxel produced a change in the magnetic field at
the ta.,,I. Thus, the magnitude of the load applied was proportional to the

magnetic field being measured (129:100).

This tactile sensor possessed characteri.tics which included a linear region of

operation which spanned 30 N/mn2 to 3000 N/m' (or equivalent loads spanning 2g

to 200 g), and a resolution of 2.5 mni (129:108). The pressure range could be

shifted to a higher operating range b3 increasing the rubber's stiffness. producing ai
pressure range spanning 2 x 10"i 1,r' to 2 x 106 N/n 2 (or equivalenlly 1.27 kg to

127 kg)(129:108).

2-8



By utilizing special coatings, such as the rubber sheets discussed above,

magnetobtrictive tactile sensors possess highly compliant properties, enabling the

sensor to operate over a wide range of forces. Unfortunately, the membranes which

provide this compliant property tend to diffuse the load shape's image, and this

feature tends to reduce the sensor's overall shape resolution. Additionally,

maanetostrictive taxels could potentially detect stray magnetic fields buriounding

the tactile sensor, interfering with its operation (129:111).

Piezoresislive TaIctile Sensors. A material which exhibits a change in

electrical conductivity (or resistivity) based upon the amount of pressure applied to

itb surface is said to be piezoresistive. Piezoresistive tactile sensors incorporate this

principle in tile design of tile sensor as the transducing material. Several

piezoresistive designs have been pursued by Hillis (60), Eckerle (36), Podoloff (92:

93). Severwright (111), Sugiyama (115), Knittel (65), H. Allen (1), Roberston

(102), and Tise (120).

Typically, piezoresistive tactile sensors are composed of a grid of

piezoresistive compoients (92:42; 111:27). In some designs, the rows and columns

themselves are fabricated from these elastic conductors, while in others, the

piezoresistive material is incorporated into the substrate of the tactile sensor

(92:42: 115:397). When an external force is applied to the grid, the resistance of

the crosspoints in the array changes as a result of the deformation of the sensor's

surface. By sequentially applying a voltage to each row and measuring the curient

output of each column. the resistance between tLe rcwv trace and tile column trace

can oe measured and related to the applied force (92:43; 11b:397).

The piezoresisti\e tactile sensor illustrated in Figure 2.6 was fabricated by

Susumu Sugivama. Ken IKawahata. Mlasakazu Yoneda. and Iseini Igarashi of the

Tovota Central Research and I)evelopment Laboratories, using a single-sided

silicon processiig technique to produce inicrodiaphragin presbuit i anidiu( eb on ,a

silicon substrate (11.5:397). Since the entire structure of the sensor was planar.

MOSFETs were incorporated into the integrated circuit design to provide taxel

output selection along with an in situ multiplexer (11.5:397). This sensor

incorporated a 32 by :32 element array of polysilicon piezoresistors. which had a

spacing of 250 Itm between discrete taxels. Each microdiaphragm size was 50 /ml

by O.0 5/in (115:398). This sensor pose.-sed characteristics which included a
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Figure 2.6. Tactile Sensor Utilizing Polysilicon As The Piezoresistive Element
( 115:397).

pressure sensitivity of 2 mV/kg, cm 2 (or an equivalent load sensitivity of 0.025 g),
a resolution of 2.50 tn, and a 60 Hz bandwidth (115:399-400).

Piezoresistive tactile sensors have promise; however, they suffer from several
problems which are inherent to piezoresistive materials. In particular, the
transducer could exhibit fatigue clue to stresses, which occur at material
crosspoints where the piezoresistiv- material is located. (102:91-92).

Capacitive Tactile Sensors. Another technique which is useful for converting
force information into an electrical signal is the measurement of the changes in
capacitance across an electrode array. There are seveial research efforts ill this

particular field, including designs by Chun (25), \WVolffenbuttel and Regtien (13.5;
136: 137). Seekircher (109), Boie (13: 14), Muller (81), and Suzuki (116: 117).

To construct a capacitive tactile sensor. the initial (undeflected) displacement
between two parallel capacitor plat.es Is measured. along with its corresponding
capacitance. A sinusoidal driving voltage is then applied to the sensor, and it is
switched to the appropriately selected, alumninum upper surface electrode. Then.

the change in capacitance is measured after a load is applied. This information
facilitates determining the degree of deflection bet een the paiallel capacitor

plates. and it can correspondingly be related to the applied forte (109:317). Using
a matrix electrode structure, the arra, can be scanned. permitting the arrangement
of rnany capacitive taxel, in a small area. because a capacitive transducei is formed

at the intersections of the striped electrodes (109:317).
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T[he capacitance, C., of' a single element wvith no mechanical load

(undeflected) will be equal to (3:1z)

-= (.(O (2.1)

where c, is the relative permittivity of the (lielechric material.
(0 is the permittivity of free space.
A is the electrode's area, and
d10 is the distance (uncleflected) beCtween thc electrodes with no externally

applied mechanical load.

W'ith an app~lied load, the local (lefornmation. (1, - (I =Act will cause a chiange In

capacitnc equal to (136:1414):

I Ad
LC - rcoA( - Q)=C( t (2.2)

Where C0, is the capacitance with no externally app~lied mechanical load,
Cr is the relative p~ermittiv'ity of the dielectric material,
CO is the permiittivity of free space.
A Is the electrode's area.
(t o is the (distance (uncteflected) between the electrodes with no externally

atplied mlechianical load.
(I is the distance b~etween the electrodes wit I) an ext ernally applied

mechanical toad, and
Act Is d", - d.

WVhen dI < do. Equation 2.2 b~ecomies (1:3(6: 1 -14):

AC :-(-L (2.3)
(tI"

wvhere C,, is the capacitance with no( externally apltied mechanical toad.
dI. is thle dl(liance (unldefeed ) bet ween the elect rodes with no0 externally

a ppl iedl mechaniiical l oad . and
!A is do - dl.

'To Illust rate a t ~pical cap~acit ive typ~e tactile sensor. a design by 1K. Simiki, N.
Najafi . and 1K. 1). Wvise fromn the Unriversity of' Michigan will b~e jpreMIited. 111(11
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Figure 2.7. Side \iew Of A Capacitive Tactile Sensor Fabricated On A Silicon
Subst rate (116:67.5).

design consisted of a 32 by 32 element array configured on a silicon integrated

circuit (116:674). The integrated circuit included in situ CMOS circuitry which

provided a data acquisition system. The force-sensing capacitors are formed at the

intersections of the etched metal lines arranged on a glass substrate in conjunction

with highly (loped (boron) silicon stripes. The glass substrate and each silicon btrip

were electrostatically bonded. Each silicon strip was physically isolated from

adjacent rows of (loped silicon to reduce coupling (116:674). Figure 2.7 illustrates

the cross-section of one of the imaging cells.

Each of the transducer elements in the array possessed a capacitance of 0.22

pF when unloaded. This particular sensor was linear over a relatively small

operating range from 0.025 g to a. maximum load of I g. The taxcl arrangement

enabled this sensor to possess a resolution of 0.5 mm (116:676).

Capacitive tactile sensors can exploit current silicon IC fabrication processing

technologies to incorporate laige a, rab on .silicon substrates. They provide high

Ie.olution and typically operate o0er lage load ranges ; howeve. several problems.

such as dielectric loss, dielectric stress due to overpressure, and parasitic

capacitance effectt must be solved belfoe a tornpletely successful capacitive tactile

sensor is realized.

Optical Tactile Scnsors. Optical tactile sensors utilize several transduction

techniques to convert applied force into an electrical response. Typically. they
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accomplish this by transducing force-induced variations in a propagating light'b

path into an electrical signal. For example, a change in the detected light after tile

application of a load corresponds to the strength of the electrical response. Several

optical tactile sensor research efforts include those by Regtien and Wolffenbuttel

(98), White (132; 133), Tsujimura (124), Schneiter (105), Rebman and Morris (96).

Jenstrom, Emge and Chen (37; 61), Begej (10; 11), Kanade (62). Togai and Wang

(121), Schoenwald (106). Tanie (119), Mot (80). and Winger (134).

One type of optical sensor design has been patented by Richard M. White.

and it relies upon the frustration of internal reflections at a surface, which are

caused by the contact between an object and an opaque elastic film which rests on

the optical surface (133). A transparent plate is illuminated from one of its edges.

and as much light as possible is confined in the interior of the plate using reflecting

surfaces on the top and bottom surfaces. A thin elastic membrane is placed close

to, but not touching the with the transparent surface (illustrated in Figure 2.8).

"When an object is pressed against the top of the elastic membrane, the membrane

comes into contact with the transducing surface of the transparent plate and

frustrates the internal reflections at the sites where contact has occurred. The

degree of frustration can be detected by an array of optical sensors located next to

the plate (133). The signals detected, correlated with their spatial location.

provides information concerning the shape and size of the applied load. A similar

effect, may be observed by looking vertically into a glass of water and noting the

disappearance of the "silver lining" wherever the outer surface of the glass is

touched (133).

This concept has been incorporated into a tactile sensor developed by Stefan

Begej of the Begej Corporation. The design consists of a fingertip shaped benbot

and is illustrated in Figure 2.9 (11:-181). The fingertip configuration possesses an

optical array of 2.56 image detecting taxels. This sensor is able to detect normal

forces between 0 and 400 g. has a resolut ion of 1 mam. possesses a frequency

response tip to 200 zlz, and is virtually immune to all electrical interference

(11:4 81).

While optical transducers are imperviou-, to electromagnetic interference. the

optical detectors possess the potential for coupling between taxel signals. Also.

extensive stupport and data processing re.ource requirements must be reduced to

allow incorporation of this type of sensor into robotic technologies.
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Ultrasonic Tactile Sensors. Ultrasonic technology has been adapted to tactile

sensing in a variety of ways. The study of object recognition and proximity sensing

using ultrasonic waves provides a link in robotics between macroscopic motion and

microscopic motion by providing essential feedback to the control system

concerning the distance from an object and its size and shape. This method

typically uses ultrasonic acoustic ranging with pulse-echo detection in air, with

each object's echo being unique with respect to its shape, distance. and size.

Proximity sensing has been studied by IKleinschmidt and Magori (6-1), Regtien and

Hakkestaeegt (99), Borenstein (1.5). Moravec (79). Ueda (127). Marsh (74). M.

Brown (18). Kuroda (67). Gehlbach (49), Miller (78). Tsujimura (124), Tone (122),

Higuchi (59), and Schoenwald (107; 108). While proximity sensing is not direct

touch sensing, it does represent a unique texhnology which ha, been adapted to the

tactile sensing application.

Grahn (52), Fiorillo (44). Squire (113), Ermert (38), and Park (86) have

developed methods for using piezoelectric materials in tactile sensors which utilize

ultrasonic means to detect object size, shape. and weight information. These

sensors typically use a pulse-echo ranging method to measure the change in the

thickness of a compliant, elastic pad whose surface is deformed when an object is

contacted (.52:21-1). To demonstrate a ty'pical ultrasonic tactile sensor. a design by

Allen R. Grahn and Lynn Astle from Bonneville Scientific will be discussed

(.52:21-1).

The design consists of a metallized piezueliecl ic PVDF thin filmn, material

which has been etched on one surface to allow intimate contact between it and a

metal electrode array (52:21-4). Figure 2.10 illustrates an early version of this

sensor configuration. The array consist., of a .I by -1 matrix of metal electrodes.

The most recent configuration of Ihe .-ensol includes the 16-element array coupled

to the piezoelectric PVDF film which is piotected by a silicone rubber coating. The

silicone rubber also actb as the ultrasonic wave transmission medium. This

particular device possessed a resolution less than 0.5 nn. and a linear pressure

range spanning 0.15 psi (0.013 g) to 300 psi (2.5 kg) (.52:21-17).

The ultrasonic tactile sensors pro% ide a robust and rugged device: however.

the protective coating typically used to passivate the sensor and provide the

trausmission niedia for the ultrasonic , e. ,lC!Iol nis rapidly. resulting in unreliable

responses to large loads. Also, the 1ensol po...cs.e(' sone degree of hyst-eresis av ,a
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result of the material dleformation reco\ ery properties inherent in thle bilicone

rubber used.

Piezoeltric Tactile Sensor-s. A piezoelectric tactile sensor is a device which

detects the electrical charge generated by a piezoelectric inaterial under pressure.

When the geometry and material properties are considered, the resulting electrical

signal canl le related to the magnitude of the applied force. To implement a

piezoelectric tactile sensor, a p~iezoelectr'ic material is required to serve ais thle

charge source; thle specific material selection should be made to facilitate

cost-effective sensor fabri cation (55:4).

One of thle first piezoelectric tactile sensors uitilizing a semiconductor

substrate was designed and] patented by R. S. Muller in November 1967 (82).

Several piezoelectric tactile sensors have since been developed including those by

Dario (27; 28; 29; .30; .31), Lerch (69), Polla (94). Mu\'ller ((82; S3), Gao (47). Chen

(23)1 lBardelli (7). Kolesar, Reston. Ford and Fitch (63), Patterson (87), Pedotti

(89). Park (86), Brown (19), Ben'kova (12), Reston and Kolesar (101), Finch (43),

TzoLI (126), De Rossi (33; .34), Swvart,, (118). Barsky (8), Greeneich (5.3),

Voorthuyzen ( 128) Assente (6). and Gerliczy (.50). Related investigations of

jpyroelectric material properties and sensorb include those by Muller (841), Muinch

(8.5). Mlader (71), and Meixner (77).

One classic example of a p~iezoelectric tactile sensor developed by Paolo Dario

and lDanilo lDe Rossi at the University of Pisa incorporates the piezoelectric

transdlucing properties of a polyvinildene fluoride (PVDF) film. The p~iezoelectric

PVDF thin film is used as the transducing miechianism by attaching it to a metal

electrode arrav used to samle thie chai-e generated onl the surface of tile senisor'.

Trhe sensom. relplicates thie human skinib ilkorporating- epidermral and deinmal hty %ci.s

of piezoelectric IPVDF film, as illustrated iii Figure 2.11. Trhe author's indicate t hiat

t his particular tactile sensor design can be aIdapted for uise In either flat "rippe)(r." oi

curved artificial fingers (28:.50).

Trhe sensor utilizes the epidermal lay ei to replicate thle hmnSkin reCcpbor's

albilitv to distinguish between cold and wai in objects. Thle epiclernial sensin,

elements are backed lby a thin layci of flexible. resistive p~aint connected to a

regulated p)ower suplpkv to raise the senISOI 5 temiperatuore to .37C. Whlen the tactile

sensor contacts an object. heat flows froin thle resistive layer t hrotih ilhe P\"DF-
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Figure 2.11. Tactile Sensor Utilizing Layered Piezoelectric PVDF Films (28:50).

epidlermal liayer to the ob~jct. which changes the temperature of the epidlermal

surface. The PVDF film, being a pyroelectric material. as well as a piezoelectric

material, genera los charge prIop~ortional to the change in temlperature. enlabling" tlic

sensor to detect thle temperatuire of the object (28:50).

Thle lermnal sensor array conti nuously measures the contact forces which are

distributed over a relatively dense array of taxels. Its electrode array is5 configured

to detect the geomnetrical feat ures of objects. such as edg~es. corners. and

depressions. Moreover, clue to its location dlee) beneath the surface of thle seisoi . it

p~ossesses a small sensitivity to teniperatutre variation.-, which establishes a

enlperat tire reference signal and enables tilie Senlsol to distinguish between thel iiidl1

variations and pressure variations in the ep~idermal layer (28:51).

A\nother piezoelectric tactile sensor design exploits the piezoelectric prtoperties

of zinc oxide (ZnO) oin a silicon substrate. T'he concept of utilizing materials which

ran be directly incorporatedl into the fabrication process of silicon integrated

circuits is being pursued by ID. I, Polla. W. TF. Chang. 1R. S. Muller. and R. NI.

While at thle ni versit v of California at iBerkelev (%1:133). '[1w eig consists (if a
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Fiature 2.12. Piezoelectric Tactile Sensor Utilizing ZnlO (94:13-5).

64-element tactile sensor array composed of 1.0 piml thick sputteredl ZnlO

piezoelectric capacitors. each mneasuring 70 x 70 jim (Figure 2.12) (941:133). Thle

enitire array is protected with a .5 prm thick silicone elastic membrane coating. The

chargre generated by thle piezoelectric effect in the ZnO is detected by MOSF1ET

amplifiers. The amplifiers are NMIOS transistors whose gate width Is 66 11m, the

gfate length is 2 jim. and the resistive load is I kP (94:134).

This sensor detects a linear response range spanning .5 - to 100 - with little

or no hyvsteresis: thle output saturates at :350 g. and the surface of thle senisor was

damaged for loads exceeding .500 g(9-1:134). The resolution of the sensor was

70 /Lin.

Ad vantages of thle piezoelect c tact ile sensot i ncl ue high durability.

conformity. linearity, low hyvsteresis relative to a wide range of load forces (0.8 g to

76 g(100:6-1 ))i and high resolution (less than 1 mmn) (90:18S5). However, some

dlisadvanltages inclide suscelpti bili tt to electromnecha nical interference, an tiIalpid

charge dissipation inhibiting thle respon:se of thle sensor to static loads (9)O:B5).

Conclusion?

The wide variety of transdlicing techniques usedl for tactile sensors have been

rev iewed. Piezore.sisti ye tactile sensors il lust ra ted a Lechimique for mleaLSmi ring

differences inI a material's resistance which correspond (lirectl\ -With the InalagituleI

of an externally applied force. Unfortinately. thle lpiez/oresisti~e material's respon.se

is ty6pically limited by the magnitude of thle applied loads. restricting this

trans(llicing technology to a limited set of applications. Magnetostrictive
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transducing was a novel way to determine changes in applied loads by measuring

the change in a magnetic field using an electrode array: however, the magnetic

membrane typically used in the tactile sensor diffuses and dampens the shape and

weight of the applied load which results in lower resolution. Capacitive tactile

sensors are easily incorporated into large arrays on silicon integrated circuits. but

stray capacitance limits the reliabilit% of the output signals. Optical tactile sen.sing

methods are impervious to external electrical interference: however, the external

instrumentation required to support the tactile sensors is extensive and will likely

limit this technology in robotic applications. Ultrasonic tactile sensors are indeed

rugged and robust devices, but the elastic membrane used to transmit the

ultrasonic waves typically deforms under large stresse!. thus compromising its

sensing performance. The piezoelectric tactile _ensor technology provides both an

electrical force sensitive response and a temperature response. Admittedly. the

susceptibility of piezoelectric tactile sensors to electrical interference and charge

leakage potentially restricts this transductiou design technique, but, the advantages

of simplicity in design- flexibility of material construction, and the ability to
incorporate the design onto a silicon integrated circuit, all combined with

temperature sensitivity, outweigh the disadvantages.

Before a detailed description of a piezoelectric tactile sensor can be

developed, a theoretical background of the piezoelectric effect will be presented. In

the next chapter. the piezoelectric theory. along with its interaction with the

pyroelectric effect. will be dliscussed. Different piezoeletric materials will also be

presented. illustrating the advances in material technology over the course of time.
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111 Pezoelectr'ic and x-yroelectr.c Phenomnena

Introduction

Definition fPiezoelectricity and Pyroeleciricity. Before a descr*iption of the

p~iezoelectric phenomenon is developed, a definitioni of p~iezoelectricity is pICSbflted.

along wvIth a dliscussion of the various piezoelectric material prop~erties. W\alter

Cady defined piezoelectricity as follows (20:1):

A piezoelectric crystal may be defined as a crystal in which -electricity"
), -'electric polarity" is lprodluced Iby pressure (more briefly, as one that
becomes electrified on sq~ueezing) or as one that becomes deformied
when in an electric field. The first two definitions express the direct
effect, while the third expresses the converse effect.

This definition states that piezoelectricity has two properties, the direct,

effect, that of transducing mechanical stress into an electric field, and the converse

effect, that of tranisducing an electric field into a mechanical deform-ation of the

mnaterial. For a miaterial to be piezoelectric, the substance must exhibit both of

these pioperties. WVithin a piezoelectric matet ial. the p~olarity of the surface charge

cani be changed if the external force is ap~plied In the opposite dlirection (76:1-1). For

examlple, if Ilie initial charge on thle surface ib positive while the external force is

app~lied to "push on" the su~rface, a negat i'ke charge will be generated when the

external foice "pulls on" the surface. Similarl\. the deformation of a. p~iezoelectric

material will occur with an externall' appl)ied electric field. If, for example, the

material contracts I1 -der the application tul an external electric field. it will expatti

co rrespoiiclingly when the p~olarity of' hle elect ric field is reversed.

Piezoelectric materials, exhibit \ at uis. i nteirelated phenomena occurring

together or selectively, in a material. One or these lpropert ies is called the

pytoelectric effect. Pyroelectricit\. &. thle namec suggests, describes the ability of
the m1aterial to gFenerate chai ge on specific cr\ stal surfaces in (direct proportion to

the external temiperature (20:4). \Vheii th li aterial is subjected to temperature

vat iations. the internal strain of the niatecrial MIinuces charg~e (and thub. a. voltage

potential) between its surfaces. Mani p~iezoelectric mnaterials exhibit significant

p-.0electric effects.
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Scope. To appreciate piezoelectric tactile sensors. the piezoelectric effect will

be developed to include the inherent pyroelectric properties. To begin the

discussion, a brief history of piezo- and pyroelectricity will be provided. beginning

with the discovery of piezoelectricity in 1880, and its continued evolution which has

resulted in new piezoelectric polymers that are being applied in a variety of

practical technologies. Next. the critical theoretical issues will be developed.

starting %x ith a microscopic description of piezoelectricity using the dipole theory to

illustrate how external forces affect the polarization of a piezoelectric material.

Since the piezo- and pyroelectric properties of bulk materials are difficult to

describe using a inicroscopic theory, a macroscopic description of the piezoelectric

and pyroelectric effects will be presented. and the emlphasis in this approach will

focus on the concepts of stress and strain. An explanation describing howv these

two quantities interact to generate the charge within a piezoelectric material due to

both an applied force and an external temperature gradient will be presented.

-Finally, a brief discussion of various piezoelectric materials will be presented,

including Rochelle salt, quartz, barium titanate (BaTiO 3 ), and polyvinylidene

fluoride (PVDF).

History of Piezoelectricily

In the early 18th century. Dutch merchants purchased tourmaline crystals

from Ce\ lon. Europeans noticed a peculiar phenomenon associated with these

crystals - when placed in hot ashes, the crystals attracted the ashes, and, as the

crystals cooled, they repelled the ashes. This crystal was nicknamed the "Ceylon

Nagnet". In 17.59, Lord Kelvin postulated the first scientific theory for this effect.

and in 182-1, Brewster experimented with tourmaline and Rochelle salt. which both

exhibit this phenomenon, and he described , hem as pyroelecirc (20:1).

In 1880. .Jacques and Pierre Curie suspected a relationship between the

pyroelec ric phenomena and piezoelectricitl. Seveial pyroelecti'ic inal eials were

selected as candidate piezoelectric specimens. and each material's piezoelectric

properties were investigated. The Curies discovered that each cryst-al. when

compressed in specific directions. generated a positive and negative charge on

particular surfaces. They noticed that the ,miount of charge w-as proportional to
the pressure. and that it dissipated when the pressure was removed. Also. the3

were able to predict, the specific direction the pressli;e should be applied to
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generate the charge, and to which crystal classes the effect was anticipated (20:2).

In their paper describing the piezoelectric phenomenon, they stated (20:2-3):

Those crystals having one or more axes whose ends are unlike have tile
special physical property of giving rise to two electric poles of opposite
signs at the extremities of the axes when they are subjected to a change
in temperature: this phenomena known under the name of
py'oelectricity. We have found a new method for the development of
polar electricity in these same crystals, which consists of subjecting
them to variations in pressure along their hemihedral axes.

The converse piezoelectric effect was not observed by the Curie brothers:

however, in the following year, Lippmann published a paper describing tile

application of thermodynamic principles to reversible processes involving electi ic

quantities (20:4). He treated the special cases of pyroelectricity and

piezoelectricity, asserting there should exist a converse phenomenon corresponding

to each of these effects (20:4). The Curies experimentally verified the converse

effect that same year (20:4).

Many theories developed during the ensuing years, and in 1910, a German

crystallographer. Woldemar Voigt, wrote Lhbrbuch det, Krislallphys;ik (20:5). This

monumental book developed a piezoelect ric effect theory which combined the

elements of crystallographic svnimetrv with elastic tensors and electric vectors. lie

clarified which of the 32 classes of crystals were piezoelectric, and he defined the

piezoelectric constants for each of these classes (20:5). Subsequently. this book

became the .'bible" for scientists in this field. and today, it is recognized as the

foundation of the macroscolpic (escript ion of' piezoelectricity (20:5).

During World \Var 1. Langevin conceived the idea of electrically exciting a

piece of quartz which was plated with elect iodes to serx e as an undei water acoust i(

wave emitter (20:5-6). When excited with a high frequency (IF) electric field, the

quartz crystal generated IIF ,ound waves (k ia the converse piezoelectric effect).

The quartz could also be used (via the direct. piezoelectric effect) to detect the

reflected I- F sound waves. This technology soon emerged as the method for

locating iminersed objects. such as submarines, and for exploring the ocean's
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bottom. For the development of this application, Langevin became the founder of

the field of ultrasonics (20:15).

Other piezoelectric experiments were Undertaken diuri ng WWI. In 191iS.

\'Valter Cady used Rochelle salt crystal plates in underwater signaling. and

examined the electrical behavior at frequencies close to the lpiezoelectric material's

mechanical resonance (20:6). As a result of these experiments, Cadly wvas able to

clevelop the piezoelectric resonator, studying its various uses as a frequency

stabilizer, oscillator, and filter. Cadly first experimented with Rochelle salt;

however, It's material properties did not lend themselves well to a changing

environment (hygroscopic effect). and quartz was soon found to be the most

suitable material (20:6).

B~y World W'ar II, q~uartz resona tor's revolutionized coinl mu n ications

equip~ment. During the wvar. over 30 million quartz crystals wvere used in

communications eqluipment. Because of' the potential to deplete thib natural

resource, new piezoelectric materials were studied and developed. One of the

materials discovered was barium titanate (lBaTiO.3). This material was fab~ricatedl

as a ceramnic, rather than as a crystal. T'o make this ceramic piezoelectric, it was

polled with a, large electric ield at a. temp~erature just less than the material's Curie

temlperature. This process induced a change in the molecular structure's

orientation such that the material formed miacro.sopic dipoles, and a subsequent,

macroscopic p~olar'iza tion when stressed (58 :93', 0 thei materials were dlevelop)ed

during the 1950's In an effort to repjuIace quartZ in comtmunications equipmie.1.

including synthetic crystals, such as ethylene cliamnine tartrate (EDT). lead

zirconate tianate (PZT) and dilotassium tartrate (DJKT) (7-5:78). The

p~iezoelectric, as well as the lpvroelectm'ic. c ha racteri stics of each of' these material.-

has been thoroughly exploited. enabling m esearchers to develop new transduii'rs.

ncluding temperatur'e. pressure. and chemical sensors.

Over the next few decades. sevvi al new materials were developed as co'1t

effective alternatives to lBaTio 3, and in 1969. a radically new technology was

dliscovered (51:1). That is. lKm%, ;; covered and imeasured thle p~iezoelectric effect

in a polymer called polvvinyliolne fluoride ( PVDF). The prospect Of ulsing a thin

polymner film as a p~iezoelectric o1' pvroclectrii. transducing material aplealed to
many11 scientists and enginleers. InI the past two decades, the ability to ap~ply this

p~olymer to numerous enimmniiering applicaltionis has slowky increased: howevei . onc
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Figure :3. 1. Spatial Configuration Of A Generalized Electric Dipole.

limitation associated with this particular piezoelectric polymer is its inability to

generate and mnaintain sufficient charge when stressedl (9.5:119). As a. result Of' this

limitation. thicker films have lbeen developed which provide sufficient charge

generation. 'hese advances have made the piezoelectric PVDF thin films cost

eflective coniI1eti tors with the Ipiezoceramics as transducing materials (48:208).

Abliroscopic Dcscriplio n of Piezo- uand Pyrocleci ricily

For simp~licity. the piezoelectric and l)yroelectric phenomena can initially be

modelled b~y consideringr a microscopic-level dipole arrangement. The strain

induced by ain external force or a tempem at ure gradient changes hie orientation of

the microscop~ic atomnic dlipoles within thme mat erialI. and thUS. thC internal

polarization of the material. Ti)s theoreticalI development will p~rovide a

background for the concepts of dlieleCtric p~olarization and its relationship to

pola riza tion and piezo- and Jpyroelecltric effects.

Wrm fundamental elctromnagnelic theor an electric dliplole is am ent ity

c'mflposedl of two oppositely charged regions of' equal magnitude (+q and -q)

separmted by a (list ance. s (Figure 3.1I ) (6:35h. '11w potential (\71 ) of I he positive
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charge (+iq) measured at anl arbitrary reference point \\V is (66:3.5):

V, = +(IS 2 (:3.1)

where (is Is the magnitude of the electric dipole moment (C-111).
c, is thle relative permittivity Of thle mlediuIm (dimiension less).
(0 Is thle permittivity of free space (F/rn), and
r, is the distance mneasuiredl from the positive charge to point \V (in).

The potential (V 2 ) of the negative charge (-q) at point \V is (66:3.5):

V2  2 (:3.2)

where (is is the magnitude of the electric dlipole mom-ent (C-rn).
Cr is the relative permittivity of the medium (dimension less),
co is the p~ermnittivity of free space (F/rn), and
r, is the distance measured from the negative chiarge to point WV (in).

The net potential (V) at p~oint NV is thle Hlnar Sujpcrposition of thle two, potentials

or (66:35):

= (- - )(:3.3)

where (is is the magnitude of the electric dipole moment (C-in).
Er is the relative permittivity of hle inedium (d imiension less).
(0 is the permittivity of free space (F/rn). and
r1l and r'2 are the distances measured from the positive and negative ch~arge,

respeCctively. to point N (i1).

If r is definled to be the distance measured frorn the center of the dipole to

poinmt W. t-hen (66:36):

and(

.vhere r I., thle distance mlea-Sured from I hie center of the dipole to point \V (mn).
s is thle distanice between chairged v' ii es (mu1). and
0 is the aingle betw'een thle axis of thle dipole mid r.



Therefore, if point NV is located a large distance away from the dipole (compared to

the charge separation distance. s). then r is nealyx parallel to I'i and r2 , and the

potential (V) at point W clue to the dipole is (66:36):

V =Cos (:3.6)

where (is is the mnagnitude of the electric dipole moment (C-rn),
0 is the angle measured with resp~ect to the z axis (degrees),
C, is the relative permittivity of the mi-edium (d imension less),
co is the permittivity of free space (1'/m). and
r- is the distance ineasured from dhe center of the dipole to p)oint NV (in).

B3r using the spherical coordinate system. a simple description of the electric

field generated b,, the dipole art angeinent can be dlevelop~ed. Using the center of

the dipole as the center of the spherical coordinate system,. the electric field canl be

founld using E =-7V or (66:35):

E ( ,3)H c os 0+ 0s in 0] (:3.7)

where (IS Is the mnagnlitude of the electric dipole moment (C-rn),
0 is the angle measured with resp~ect to the z axis (degrees).
c, Is the relative permittivityv of the mnedlim (dimlenlsioless).
co is the permnittivity of free space (F/rn). and
I- Is the distance measured from thie center of Ohe d1p1)01 to point WV (in).

H-owever. manyw of the equattions which desci i bt piezoelectric in at erials use the

red an-imlat coordinate system. (* sing the sphicmical coordinate sh st en describ~ed ill

Figure :3.1L the electric field in rect angular coordinates is (91:2.6):

E ='Crr
3 *[-:3 cos 0 sin 0 sin o ± c3(os 0 n 0 cos o + 2:3cos' 01 3~

where qs. is thle iagnlitlde of the electrtic dlipl~e momlent (C-rn).
0 is the angle mleasured wvith1 respect to thle Z-aXis (degrees).
r, is the angle mneasured with respect t~o I hie x-axis (degrees).
(r I S thle r'elativ permittiitY of't he mledillim (dimenlsionlless).
() i s thle Permit tivity Cc free space (F,/rn). and
r is the (list aice ineasil d from II h- center, of the dipole to poi it XV (In).
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Figure 3.2 . Mlodel Of An Atom: (a) WVithout An External Electric Field Present.
And (b) The Resulting Atomic Dipole After An External Electric Field
E Is Applied (66:60).

W\'hen an ideal dielectric material is positioned in an externally applied
electric field. therc is no mnigration of charge: however, there is a. slighit.
displacement of the ncgative and positke\ charges in the atoms composing the
(dielectric material (66:39). A,, illustrated in Figure :3.2, each polarized atomn canl be
modelled as an electric dipole. wvhere the positive p~oint charge rep~resents the
1tincleub of tilie atoni. a11l tihe negative point charge represents the electron clond

((66:59). In the aIbsence of an extern~ally. app~lied electric field, the point charge." (0
not formn a (dipole (Figure :3.2a): however. under the influence of an externally

aipplied clea ric field. tae po(sitiuve anidl uigative charges migrate slightly to forml a

diplole arrangemen t ( Figure :3.21)).

An electric dipole moment vector. p). can b~e defined as the vecto0r pointing"

from the negative to the lpo.sitive charge with magnitude (IN and in the (lirectioI of
"'(fire :3.1 ). .\ polarizationi vector. P. can Ilhen (orrespondlingl\ be defined a, thle

dip)ole moment per unit volumie (88:106):

P =lini T- P~i __0pj 3
&V-o) IT Ov

where v ;N~ the volume, and
p is t lie dliIole inomiemit.



The p~olar'ization vector (P) and the externally applied electric field vector

(E) call be related by the Followving EcqUation (88:111):

P =-o, (.3.10)

where co is the permittivity of free space.
k,. Is thle electric susceptibility (a scalaxr quantity), and
E is thle externally aplIiedl electric field vector.

Unlfortulnately,. since k, is - scalar q~uantity. Equation :3.10 is only true for

homnogeneous. isotropic. and liniear materials. Piezoelectric materials are

anisotropic. and consequently. the electric suscep~tibility is a tenbor quantity. This

tensor quantity will be referred to as \,, to distinguLilsh it fromn the scalar electric

susceptibility ke. X, possesses nine terms which relate the three electric field

vector, components to the polarization vector components. Therefore, for

p~iezoelectric materials, the polarization vector and the externally- applied electric

field vector are related am follows (1:31:178):

, "V21 k22 X23 E) :.1
N3i1 \32 ki33

It. t lii format-1. 131. P. atnd P3 rcpresel( tilie polamiiziiioii %~ectoi comlpoiiciib ini ilite

x-. %--. anid z-directions. respectively. The first subscript on thle electric

'AScptbilit'et Y tensor. x,. indicates the resulting polarization's direction. and thle

second subscript corresponds to the externally applied electric field vector's

(irect ion. 1Finally. El . E2- and E, represent ihe eleti Iel 1eo coi piis ill

he x-. y-. and z-directions. respectively. A\ more complact rep~resent ation (-I be

exlpre,5ewl as:

P= (:1,E(. 12)

where'( PE is thle polarization Vector reIsult iing from an externally ap~plied electr-ic
Field vector.

(4 is thle lpernittivity of free space.
.is h le eet nc sulsceptibilit y t ensor. amid

E Is t ll(e ext ernally applied (-I(- (- nc field vect or.
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Piezoelectric materials, being dielectrics themselves. can be described by thle

above equations; additionally, they possess lpropertieb which call be related to the

external forces applied to them. According to Walter Cady. if a crystal is not

p~iezo~electric, the crystal possesses a center of iniversion which maintains at

sym-metrical chiargre distribution even under stres, and hience, a net p~olarizationl

st ate is not prodluced (20:11). Figure :3.3 1iu Cstta planar dISistluion of charges

where, in the plane. the polarization is equal to zero. If at force. F. is appllied in this

p~lane. the crystal distorts, but the charges within the crystal maintain a

symnmetrical p~hysical arrangement, and( thus do not produce a polari zati.1.

However. if' the material is piezoelectric. the crystal dlevelops an internal

p~olarization state because its crystal class lacks a center of inversion. and

consequently. the external forces distort, the crystal symmletry (Figure 3A-) (20:11).

To illustrate the generation of a polarization vector resultiing froml an externally

applied force, a crystal with trigonal symmetry will be analyzed (Figuire 3-.5). With

110 external forces appfiecl. the net polarization Within theC Structure is zero. and it

is illustrated in Figure :3.5a. However, as illustrated in Figure :3..5b. when a

8uifficiently large force is applied to the external surface of the crystal. it cau'ses a

sligh-It distortion of the crystal lattice. This dlistortion changes the angle between

the charaes. creating a net p~olarization in the v-direction. such that.:

P -.:p I+p 2 +p 3 . (:3.13)

Using rectangular coordinates. and with thtie distance between chiarges 0I) defined its

one unit leng~th. then:

P,= (f(0.0 +' l.OS) (3. 1 1)

p2 = (l(0.()IR - O.42S' i3.1

1)3 = 16-J9X-0.l~.~.~)

yielding at net polarization of:

P (0.O 0+%- 0. 10 1. (3.17)

Ai Sinlilar (listortin1W effect occuirs when the lpi(zoplect-ric mnaterial is subl~ject ed to) an

external ly applied el(ctrir fivld.
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Figre ::. Crystal \\ith A ('eter Of Inversion (a) B4ore The Application Of A
Force And (b) After The Application Of A Force.
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Figure 3.4. Crystal Without A Center Of Inversion (a) Before The Application Of
A Force And (b) After The Application Of A Force.
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Figure 3,5. Example Of A Crystal Widh Trig nal Symin r (a)l Before Phe :\ppli-
cation Of A Force And (h)i \fier The Application Of A\ Force.
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Unfortunately, the microscopic dipole theory tends to be unwvieldy whenl an

attempt is madec to describe macroscopic piezoelectric crystals and their

relationship to externally applied forces. Therefore. the development of anl

alternative description of the piezoelectric p~henomenlon is In order - the

macroscop~ic description. Ini the textb)ook Ficzotdlctricity, W~alter Cady illustrated

the difficulty in using the microscopic theory to clescrilx(- the jpiezoeleCaric

p~henomenon (20:731):

In spite of the fact, that molecular or atomic theories of lpiezoelectricitv
began to appear very soon after thle Curies discovery, a satisfactory
theoretical treatment of the phenomenon can hiardly be said to have
passed the Initial stages. The resources of miodern lattice dynamics aire
still unequal to the task of predicting anything better than a rough
approach to the order of magniitude of the p~iezoelectric effect. even for
the simp~lest structures.

Mlacroscopic Description of Piczo- andt Pyrocleciricily

Ini 1910. \Voldernar Voigt dlevelop~ed a miethodl for describing and analyzing

piezo- and lyroelectricity (20:-1). Trhis method depends signincantly upon the

mechanlical en gi neerl ig concepts of stress. and strain, and relates them to the

materials internal polarization. Tfhese i-ehat onsh1ips forml the fouaion16 for it

macroscopic description of the piezo- and px roelect ric phenomena. To develop t his

theorv. a brief review of stress and strainl will be presented. and then. the evolution

of the piezo- and p3 roelect ic equal jolt \%ill be (liscussed. Thel( direct piezoelect i

effect requires that mechanical e ,me bieI p3 olort ioiiavL coiimerted to electi t dl

enlergy. (Ind the converse lpiezoeleciric effect des"cribes thle invers'e p~rocess (20:4).

St nesmes. strains. and piezoelei Iiiic ( olisi lii detci mine how the energy is vonve; ted.

V -oi,(Ys svstemn of designation relai -, h le electric field and poia, izat ion) vect oirs

to stress and strain vectors. Ili., s'steinmie d rectantlar coorinlate sy-steml Where

the x-. v-. and z-directions are desiffnaied ky the digits 1. 2. and 3. respeCctivrely.

Elastic compliance coefficients. ,tiffness toeffi. ient~s. eIClectic suiscepti bilIi ties. and

lpivzoclect ric constants are double sitls i Ip1 (l to indicate clirecnions. where the first

sulbscript Identifies Ohe resiult ing Giuil. and thev second su bscrip1) ident ifie, t lie-
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Figuire :3.6. Stress System: (a) Compressional .Stress. (1b Extensional Stress. An~d
(c) Shear Stress.

implressedI force's (lirection. Stresses. straints. electric fields andl polarizations aire

identified with ai single nunmerical stibbcript to Ident ify the applicable rectangular

coordlinate systemi axis (91:2.1111.

Shy,.% anid Sirain. Stress is (defined as the force per unit area or the change 5n

force per unit area change (35:2). and it is a tensor quanitity comp1 osed of one or-

m'lore pairs, of equal andl opposite forces per unit area (20:1.51. Stress roniLts of hi"

ColiPolielts: normal st-ress. which acts perpendirtular to a given suirface (also

referred to as extensional and cuompressionatl . and ,hvai stress, w.hich art, parallf-I

to a givegi surface (.5:2). Each of t he-,e siresses is illustrated Ii Figure :3.6. The

notatilon used to describe the stresss ssm(ilin ( in be colivenienit d~(epic ted uising he

r-ec k .I I -(WI ar c-oordlinate zsystem iii Vhir :1.7. cuipre.ssiollal andt extjensionial ir.

anl X .,. Y,. N*. Z,,. and Z,. are u'.sed to denote Ihe shear stresses,. where Iho.
directio ofIleapidfretsIetldb h upper case letter. ind the subscript

defines the direct ion of the normal tto Ii e .Iit at upon0i which the forre acts (20: 17:

Consider an inlinliesirually snmall rectanigular parallelepiped with ed I:~

rlv. and 'lz parallel to III( coordinatv axes, and depirted in iRm:IA Since thlt

p~aral lelepi ped is. -.,mail. hew forces actin (ni~ ciiall he liozight if as~ -ttiforin.
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Figure 3.7. Stress Directions.

represented as the average of the loads applied in the center of their areas of

application (3-5:12). If the forces per unit volume resisting the external application

of force are designated by R. S, and T (and correspond to the forces per unit

vomme in the x-, y-, and z-directions, respectively), then the following equations

apply (35:12):

Fv., =0 (:3.1)

F.. = 0 (3.19)

P =0 (3.20)Im = 0 (:3.21)
Zm, =0 (3.22)

SM = 0 (3.23)

where F are the forces in the x-direction,
F. are the forces in the y-direction,
F, are the forces in the z-direction,
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Nare the moments whose axis is p~arallel to the x-direction,
are the moments whose axis is p~arallel to the v-(lirectiofl, anld

Nlare the imcr,.-nts whose axis Is p~arallel to the z-clirection.

OX.
+( X. + XdvI) d Z - X I (lx (324

+ (X, + O-f& (IZ) d d - X" dx dy

+Rdx(Id(Ndz = 0.

Equations for F, and F,, can be found in a similar manner. After canceling

terms and dividing by clx dy dz, the following equations are found (:35:1.3):

CqX. OX" OX
+~ + +-±I--+ = 0 (.3.2.5)

OX\ O'v OYZ
+ S= 0 (:3,26)

Ox Oy Oz

OZ., OZ... OIZ7
)z+r= o. (3,27)

These equations describe the djpplicd forces pei unit area of thle p)arallelepip~ed.

and the% apply throughout the entireC. structure1- of the material (:35:1:3).

Since the p~arallelepipled is in equ ilibii umin then Equationl :1.21 b~ecomnes

(:3.5:1:3):

ZZ N(IN =Z.xdz (Iv/2 (Z, + ~dy) (INdz dv/2 (:3,28)

Oz
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The equations for the moments about the y- and z-axes can be found in a similar

manner. Equation 3.28 becomes (3-5:1.3):

Z,+ *d/ ,- 2- dz/2 = 0. (:3.29)
ay 0z -

Since the parallelepiped is small, the terms :nvolving the differentials canl be

neglected as compared t~o the termis Z, and Y, and (3,5:1.3):

Z, Y. (3.30)

where Z,. is the shear stress in the z-direction along the plane
whose normal is in the y-direction. and
is the shear stress in the y-clirection along the plane
whose normal is in the z-direction.

In a similar manner. the remainina moment equations give the following r'esults:

X,. = Y, and X,= Z,. which simplify the mathematical representation that
describes the stress systemn (3.5:14). A common way to represent the six reminmin"

stress components is to use the X, notation. wvhere i is anl integer ranging from I to

6. Heince. X, = X., is the normal stress in tho x-direction; X2 =Y,. Is the normal

stress In the %--direction: X3 = Z, is the normnal stress in the z-clirection. Since the

shear stresses are inI equilibrium. X., = Y,= Z,.. X5 = Z . and X,= X,. =Yx

(20:47).

Strain is defined as the dleformat ion which a body undergoes dluring stress

(5:8). 'For example. if a block is acted upon by a force (F). any subsequent

(lelormation is regarded as t-he Induced si raiii. Similar11 to stress. there are t wo t\ pw.s

of strain, normal and shear. Normal strain is defined as the ratio0 of' the

defoimation of the material. 6. t~o thle origi;ial leng-thl of the mat erial. L. or as

illustraited in Figure :3.9a (5:9). Shear straini Is defined as ai force acting parallel to

tile surface of, thle object. For example. dll ing, thle application of a shearing force. a

smnall anal- of deflection. dlenoted by\-~ is ibrnied. The shear strain,. at smnall

dleflect ion angles. canl be approximiatedI by -~=tain-~ (Figure :3.91)) (5:9).

Similar to the stress systern, the st-rain s% S t emi is desceibed by six compn its.

x.V. Y.. z. Yz. Z\. and x, (20:47). In this notat ion. N\ -... and z are thle extelnsinl

or coimphressioinal strain coifpIoiwnts I positl~ ifo r ext ensionalI and negat is.e for
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Figure 3.9. Two Types Of Strain: (a) Normal, And (b) Shear (5:9).

compressional), and y, z, and x, are the shearing strain components (20:47). To

simplify the mathematical representation of strain, the x, notation is commonly

used, where i is an integer ranging from I to 6, and hence x, = x., x2 = Yv- X3 = Z-.

x,= y, x5 = z, and x6 = x, (20:47). Strains can be related to displacements as

follows: if the undisturbed coordinates of a point are x. y. and z, and u. v, and w
describe the dlispl? .uent of thi.. iat as the result of strain, the new coordinates

of the point are (x + u), (y + v), And (z + w). Figure 3.10 illustrates the effect of
positive strains occurring in the x-, y-, and z-directions. Consequently (20:273):

.Xx = O (:3.:31)
C9x

x. = 0v (3.32)0y

x3  (:3.33)
C9Z
w 0v.3-1)

= z - +  (3..3)
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Figure 3.10. Strains In The x-. v-, And z-Directions (91:2.16).

Ov Ou

X6 
+  (3.36)

Stress and strain can be related by Hooke's Law. That is (20:49):

X, = c11x1 + c1'2x_ + cI:x 3 + C,Ix-, + cl 5x5 + c16x6  (3.37)
X-2 = c21x + c22x2 + C23X3 + c2,,x,, + c25x5 + C26X6  (3.38)
X3 = C31XI + C32X2 + C33x3 + C3a4XI + C35X5 + c3x 6  (3.39)
Xf= c.,1x1 + c,12x + c.13 X3 + c.,x.1 + c415x5 + c,16x6  (3.0)

X = cSIxI + c52x2 + Ca3x3 + c54.x-1 + c.5x 5 + c56X6 (3.,1)

X3= c6 x + c62x-2 + C6x3 + I C6 x., + c65x5 + CaX6. (3.42)

where c1,, C1. etc. are the stiffness coefficients, and the first subscript corresponds

to the eSUting .stress component's direction. and the second subscript correspond,

to the induced strain coml)onent's direction. In equivalent matrix notation.
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X1 C11 C12 C13 CH4 C15 C16 X1

X2  C21 C22 C23 C24 C25 C26  X2

X3 C31 C32 C33 C3.1 C35 C36  X-3(.3

X1C4 I -C-12  C4;3 C+1 C,15 C-16 X.

.5 C51 C5 2 CS 3 C54 C55 C56 X5

LX6 J LC61 C62 C63 C64 C65 C66 JLX6j

In vector notation, equation 3.43 becomes:

=sri cx (3.44)

where XstraiII is the stress vector resulting from an applied strain vector,
c is the stiffness coefficient, and
x is the strain vector.

Similarly, strain can beC defined as (20:49):

X1 S1 IX + s12X2 + s13X3 + SHKX. + s1-5X,5 + s16X6  (3.45)
X2 S21X I + s22X) + s213X3 + s'24X1 + s25X5 + s2GX6  (3.46G)
X.= S31X I + s32X2 + s33X3 + S34 1 1 + s35X5 + s:36X6  (3.47)
-1= s41X1 + s,12X2 + s.13X3 + s 1 ,1 + s45Xs5 + s416X6 (:.)

5 s-51X I + S52 X2 + -5.3 x3 + S54 X41 + S55X5 + s56X6  (.9

X ( s61X I + S62 X-2 + s63X3 + SG4 X41 + S65XS + S66X6  (:3.50)

where si 1. si n etc. are the cornliance coefficients. and each provide a relationship

b~etween an imp~osed stress vector. X. and the resulting strain vector. x. The first

subscript corresponds to the resulting ti amn component's direction, and the second

siubscript corresponds to the applied strebs comn~ent's direction. In vector

notation.

X-ttress sX (p351)

where Xsrs is the strain vector resulting from an applied stress vector.
s is the compliance coefficient. and
X is the applied stress vector.
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Picezoelectric Equations. W\hile the stress and strain relationships developed

above are valid for both piezoelectric and non-piezoelectric materials, lpiezo- and

l)yroelectric effects must be modelled using additional relationships. These
equations will describe the generation of the polarization, strain, or electric field

induced within a p~iezoelectric material clue to an externally applied stress or

electric field.

The converse lpiezoelectric effect can be described by consid~ering a material

which is positioned in an externally applied E field (wvithi the ap,,lied sti am equal

to zero) and developing a relation to express the resulting stress. That. Is (20:187):

XI= e1 l 1 + e 2E2 + +e13 F3 (3.52)
X2= e,),El +e 2 2E2 +,e 23E 3  (3.5.3)
X3= e' 11;'1 +e 3 2 lE2 +e 3 3E"3  (3.54)
X, e.,1 ;1 + e,1E 2 + e.13 E3  (3.5-5)
X5= e.3 IlE + e.52 E2 +e 53E3  (3.56)

X 6  = e(;, E, + e62-E2 + e63 E 3 . (3.57)

The elect ric field components EI, E). and E3 onlyV pOS5C55CS three degrees of

freedom and correspond to the x-. v-, and z-directions, respectively.

CoIresp)OhILII1gl\ . ('1 . C12 . etc. a re the piezoelectric stress coefficients, where the

first Su bscriplt corresp~onds to the resuti ing stress comnponent's direction. amid the

second subscript corresp~onds to the induced electric field components. dlirectionl. lII
vector notation.

XEfei,1I= (:3-58)

where XEfi~jhI is-- the resulting stress k ector when the atpplied strin vector equalls
zer~o.

e is the p~iezoelectric stress coefficient, and
E is the ;ipplied electric field vector.

The strainI resulting from ain externally appllied electric field can be described

by (20:188):



I= (I11 E1 + d12E2 + dj3E3  (3.59)

x2 = (1) 1, + d22E2 + (123E3  (3.60)

X3 = d3 1E1 + (132E2 + (1uE3  (3.6)

x., = (111E + (I.12,. 2 + (1,13 E3  (3.62)

x-5 = d5 l E l + - 52 E2 + d53E3  (3.63)

X6 = (I61 E1 + (162E2 + (163C.3. (3.6-1)

where d1. (112, etc. are called piezoelectric strain coefficients, and the first subscript

corresponds to the resulting strain component's direction, and the second subscript

C-rresponlds to tile induced electic field component's direction. In vector notation.

XE-fieI = dE (3.65)

where XE-field is the resulting strain vector whcn the applied stress vector equals
zero,

(I is the piezoelectric strain coefficient, and
E is the externally applied electric field vector.

To determine the overall stress resulting from both a strain and an electric

field, the linear superposition of Equation 3.-I4 and Equation 3.58 becomes (20:185):

X = Xst.i + XE-fie(d (3.66)

01'

X cx - eE (3.67)

where X is the resulting stress vector.

c is the stiffness coefficient.
x is the applied strain vector.
e is the piezoelectric stress coefficient, and
E is the externally applied electric field vector.

The overall strain can be found from the linear superposition of

Iqcuations 3.51 and 3.65 (20:185):

X - Xstress + XE-field (3.68)
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or

x =sX + dE (3.69)

where x is the resulting strain vector,
s is the compliance coefficient,
X is the applied stress vector,
d is the piezoelectric strain coefficient, and
E is the externally applied electric field vector.

To describe the direct effect. th polarization due to an externally applied

stress or strain will be discussed When an external stress is applied to the

piezoelectric material (assuming I:,, electric field is zero), the following scalar

equations describe the system (2U:187):

PI = cl11X1 + cl12 X2 + (113X3 + dl1,X,I + dI5 X5 + l1 6X6  (3.70)

P 2 = dl2 1X1 + d22 X2 + d23 X 3 + d 2,1 X-i + (c125 X5 + d2 6 X 6  (3.71)

P3 = d 31 Xl + d 3 2 X 2 + (13 3 X 3 + d 3 .,X.! + d 35 X 5 + ( 36 X 6. (3.72)

The polarization, PI. P 2, and P3 only possesses three degrees of freedom, and they

correspond to the x-, y-, and z-directions. respectively. In vector notation.

Pst,.ss = dX. (3.73)

where Pstrces, is the polarization vector due to stress when the externally applied

electric field vector is zero.
d is the piezoelectric strain coefficient. and
X is the applied stress vector.

The polarization vector resulting from alt applied strain, in the absence an

externally applied electric field, is (20:187):

Pt = elIX + e1 2x-,+ e1 3x3 + e.x., + e. 5xS + e1G6  (3.7,)

P 2 = e 2 1x! + e 2 x2 + e 2 3x 3 + e 2,tx. + e 25x5 + c2(x 6  (3.7-5)

P-3 = e(31x + e32x-, + (: 13 X3 + .3.;X1 + e3.Sxs + (:13iX;. (3.76)
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III vect or notation.,

Psraii e X, (3.77)

where Ps,," is tHe polarization veCt~or (Itie to an applied strain when the
exteriiall applliedl electric field vector is zero.

e is the piezoelectric stress coefficient. andl
x is the appliedl strain vector.

As a result of an externally applied electric field and an externally applied

Stress, thle polarization beconmes (uising Equations 3.12 and 3.73) (20:183):

PIpie?01i PE-iel + Pstress (.8

Ppiezo-1i = stresE +dX (3.79)

where P1 )iezo.l is t he resuilting polarization vector due to an externally appliedl
electric field vector and an applied stress,

\~tress is the diele~ctric susceptib~ility tensor neglecting effects of the applied
stress.

B is time. externmally applied electric field vector,
dI Is the piezoelectric strain coefficient, and
X is tihe applied stress vector.

The direct effect can also be described by relating an externally applied electric

field and straini (defined by Eqjuations :3.12 and 3.77) (20:183):

=pez- PE-fieIl1 + Pstraiii (3.80)

01r

Ppiezo-2 \strainE + ex(.1

whee P)1co2 s te rsulingpolriation vector due to an externally applied

electric field vector and an applied strain vector.

\sri is thev dielectr-ic susceptibi lity tensor neglecting effects of the applied



strain,
E is the externally applied electric fieldl vector,
c is the piezoelectric stress coefficient, and
x is tile applied strain vector.

'o find the elect ric Held, strain, or stress generated by an applied strain.

stress, or polarization, the following equations are used (20:258):

P
E = -gX+ (3.82)

PE = -hx + (3.8:3)

,Xstrain
x = sX+gP (3.84)

X = cx-hP (3.85)

where E is the resulting electric field vector,
g is the piezoelectric strain (or voltage) constant,
h is the piezoelectric stress (or voltage) constant,
X is the stress vector,
P is the polarization vector,
. -is the dielectric susceptibility tensor neglecting the effects of the

applie(l stress,
\,, is the. dielectric susceptibility tensor neglecting the effects of the

aI)plied strain,
s is tile compliance coefficient,
c is the stiffness coefficient. and
x is the strain vector.

tyoclectric Equations. For pyroelectric materials, an externally applied

temperature gradient can be related to the resulting polarization by a l)yroelectric

* constant.1 p (130:2041). T['his constant (actually a vector with one component in the
.:-direction or z-direction) relates the scalar quantity of temperature (T). to a

vector quantity, the polarization (P\ (20:701). Unlike thermocouples, pyroelectric

materials exhibit a response which corresponds to the rate of change of.the external

temperature rather than the ambient temperature itself (68:44). The temperature

increase of the material, T - To (where T is the final temperature and To is the

initial temperature), produces an electric charge (q) due to the pyroelectric effect
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Oicglct anYu~ secondary pyroelectric effects duec to strains lelod as Olw

ciWYtal d Iistorts) . Thl at is (68S:47):

pA(T - TO) (3,8S6)

where (I is t he generated charge,
1) is the pyroelectric coefficient, and
A is the surface area of the piezoelectric mnater'ial.

Su bsequently, the p~olarization which results (Ilue to pyroelect ric effects is (20:701)

Ppyro.. =P(I? To) (3.87)

where Ppyro.- is the polarization vector (Iue to a thermal gradient,
1) is the pyroelectric coefficient.
T is the final temperature, and
To is the initial temperature.

Cjeneralized Polarization Equations. A material which is both piezoelectridc

* and pvroelectric exhibits an electrical response that can be characterized by the

* linear superposition of the dielectric relationship between polarization and a~n

e-terma elctic field, Hooke's Law. and the pyroelectric effect. Two cases follow:

the first equation describes the resulting polarization found by relating the

CO011inld effe-,cts of the electric field, stress and the temperature (Eqjuations 3.79

and :3.87). That is (20:701):

P = izo- + Ppyro-. (:3.88)

= XstressTE + (IX + p(T -To) (:3.89)

where P is the resulting polarization vector,
XstrestsT is the dielectric susceptibility tensor neglecting the effects of strain

or temperatur-e,
E is the e'xternally applied electric field vector,
d is the piezoelectric strain constant,
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X is the appliedI stress vector.

p) is the pyroelectric constant.
T is the final temperature, and
To is the iiiitial temiperatutre of the mat-erial.

The second case uses Equiationts 3.81 a~nd 3.87 to describe the p~olarizationl due to

the comb~ined effects of electric hfeld. st rain, and teniperature. That is (20:701:

p = Ppiezo.2 TPpyro- (:3.901

0,

P = XstraiiiTE + e% + p( T - To) P1.91I

where P is the resulting p~olarization vector.
\OtrainT Is the dlielectric suiscep~tib~ility tensor neglecting the effects of strain

or temperatLure.
E is -dhe externally applied electric field vector.
e is the opiezoelectriz stress constant.
x is the applied strain vector.
p is l-e pyroelectric constant.
TV is thie final terlperat-ure. and
To, is iLhe initial temperature o' the material.

One &(litional termi which (le.erves nmention is dihe coupling factor. k. This

factor represetnts the ability of the( pieioelea t-ric material to tranlsduce electrical and

mechanical energy or vice versa. Additionally. k2 is equal to the transformed

energyv divided by- the total Inlput evieruv I (iS:]]).

Pir:ndueric .J1alcrih

\\oldeinar \oiot demniost rated t hat 2t) of ifhe :,)*2 rysal classes, exhibit

piezoelectric propertices due to t heir Imk of it cvnter of symmetry (20:5). Trherefore.

inm n aterials, are pt eltially piie7Mele, ti (. : hwever. only at few imitterials. wht

have been primatrily usedl in eiginverina, appieat imns. will he discussed.

fROnldkc Sall. Rochelle salt was firi~ prodcied iti 1672 by ani apothiecary.

Pierre tie Ia Svitvneit e. in La R~ochelle. France t 75A I-1). Rorhielle aht was uziii;
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Figure 3.11. Chemical Structure Of Rochelle Salt (20:516).

used as a drug; however, its strong pyroelectric effect was quickly noticed. In 1824,

Brewster studied this property in both Rochelle salt and tourlnaline, and termed

-their effects pyroelectric. In 1880, the Curie biothers discovered piezoelectricity

using this crystal (20:6).

Rochelle salt, or sodium potassium tartrate tetrahydrate, consists of a crystal

structure whose formula is NaKCIH, 1O(4H20), and its chemical structure is

illustrated in Figure 3.11 (20:516). Because a. large portion of the chemical

structure of Rochelle salt is water, the water molecules evaporate into the

atmosphere if the relative humidity is less than 35%. Additionally, Rochelle salt,

dissolves when the relative humidity is above 85%, because water is absorbed into

its structure. At 55'C, the crystalline structure disintegrates. Rochelle salt is a

very unstable material at room temperature. exhibiting highly pyroelectric and

piezoelectric properties between the ternperature extremes of -18C and 2-1C.

Even though the material requires a re.stricted tCIf)erature and relatie huimnidit

range to behave as a piezo- and pyroelectric transducer, early engineering

applications using Rochelle salt were succes.sful due t.o its large piezoelectric

constant. Rochelle salt's piezoelectric strain constant (dj = 2300 x 10-12 C/N) is

one of the largest constants of any known piezoelectric material (58:398).

Even with its environmental limitations. one of the first engineering

applications of Rochelle salt was as a low frequency oscillator (20:7). To obtain

select oscillation frequencies. Rochelle salt is cut into specific lengths relative to the

appropriate crystal orientation. .s a result, the ci' stal's oscillationi stabilizes at its
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natural resonant frequency which can be used to control electrical instrumentation.

However, the oscillators made from Rochelle salt required extensive en ironmental

controls to stabilize their operating points, and consequently, this limitation forced

scientists and researchers to find new, more stable materials. As a result, quartz

was discovered to be a more suitable piezoelectric material that could be configured

as an oscillator, even though its largest piezoelectric constant is a mere fraction of

that of Rochelle salt.

Quartz. Quartz is a crystalline form of silicon dioxide (SiO-_), and it can be

found throughout the earth. The crystal exists in several forms, of which a-quartz

is the most extensively used variety (139:46). This crystal was found to be

piezoelectric soon after the discovery of piezoelectricity, and it was first used by

\WValter Cadv of \,Vesleyan University in oscillator circuits as a replacement for

Rochelle salt (20:6). Even though the largest piezoelectric constant (dI) in quartz

is 2.3 x 10-12 C/N ('00 that of the di. piezoelectric constant in Rochelle salt), its

low internal losses and stability at all ordinary temperatures established it as the

first piezoelectric crystal suitable for precise control of electric oscillator frequencies

(20:6).

To illustrate how piezoelectricity is harnessed in quartz, an example of a

typical quartz crystal cut will be described. According to Mason, when an electric

field is applied to a y-cut crystal, two types of shear strains develop, X. and X6

(75:97). Assumling a square shaped crystal cut, both of these shear strains would

distort the square into a rhombus as shown in Figure 3.12. The longitudinal mode

can thus be obtained by properly cutting the specimen into a size where the length

corresponds to the direction in which the material distorts (the dotted rectangle in

Figure :3.12).

To obtain select resonant frequencies from quartz, the crystal must be cut

along ,pecial planes which maximize the direct and coiimerse piezoele.tric effets at

a specific frequency. According to Cady. the directions in a specimen of quartz can

be found by observing specific faces of the bulk crystal and assigning (lirections

according to the orientation of the naturally occurring external faces (Figure 3.13)

(20:406-410). Once the x-, y-, and z-directions have been determined.

crystallographers designate the crystal cut by the direction normal to the plane of

the cut (for example. a cut. whose face is parallel to the yz-plane would be
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-undistorted square

--------- distorted rhombus

Figure :3.12. Distortion Caused By A Shear Strain Applied To A Square Crystal
And A M/ethod For Obtaining A Longitudinal Mlode (7-5:86).
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Figure .3.1:3. Typical Quartz Crystal Cuts (7-5:86).

designated as an x-cut) (7-5:83). Since quartz is used to control electric oscillator

freqjuencies. conlsiderab~le studyI lias I)CCP accoml 1ished to dleterminel resonant

frequencies with low temp~erature coefficienlt., (20:4-15-168G). N-any cuts p~osse~ss

these Prop~ert ies; however. those whliich poss-ess the optimumn characteristics are

illustra-ted ill Figure :3.1:3. ror example. the AT-cut. corresp~ondls to a

high-frequency Oscillator with a low temnperatu~re coefficien~t, and it. can be cul from

a slice whose face is located 39)15' as mleasured with rcspcct to thle positive

z-direction (7.5:83). Unfortunately. tile crys5tal Cut designations Correspond to thle

frequency CharLlacteris tics along with their associated temperature coefficients; a

direct correlation to ju~st one of the piezoelectric coefficients cannot lbe madec. Due

to the angle of thle cut with respect to the x-. v-. a 11( z-axes (thle '. 2. and( :3
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suI)Sc I ipts oft the piezoelecti I c wunbtants) be eralI piezoelectric coefhcientb conitri b ux

the material's bulk piezoelectric effects (75:84).

The most significant use of quartz crystals has been in the communications
industry, where the crystals were used in very selective band-pass filters in
lbroad-bland carrier frequency y~sterns (75:11 1). However, nex materials, like
b~ari urn ttanate. were dliscovered to )obsSCss signi ficantlx enhanced piezoelectric
p~roperties comp~aredl to quait/: they have since replaced qJuartz in communications
equipment (75:1111).

Ceramics. lDuring World War 11. over :30 million quartz crysaswr sdi

C0111 nuLnicatioas equip)ment i20:0G). lBecause of the magnitude of thle requirerneiit.
for physically large p~iezoelectric (,I- stals which oscillate at specific frcquencies. new
materials were in vesti gated wi lpropertieb bsimilar to quartz. One of the material:,
dliscovered was lbarium ti tanat e (13,MO 3), which possesses the perovki te crystal line
Structure (see Figure 3.14) (1139:60). B~ariO 3 is a unique piezoeiectric material
because it is a ceram-ic. This ceramic is fabricated similar to ordinary ceramics:
however, after fabrication, it is placed between metal plate electrodes connected to

large DC voltage which pl~oarizes the lpolycry stalline BaTiO3 into a crystallin
piezoelectric material (.58:11-I). A distinct advantagre of ceramics relative to the
natural piezoeelecric materials is the ceranilc's ability to be molded into various
shaipes, including cylinders. bowls. mid disks ;12:3:147). Following the developiment

of ~ ~ ~ .t e10 i r ato ehnlgs~eral ot her sy ithetic piezoelectric niateriirLs
were developed and classified into this samec crystalline structure, including lead
zirconate titanlate (PbZrO 3 or PZ'f). The large piezoelectric constant found in (d,$3
equal to -150 x 10"~ C/N). coupled wvith its ab~ility to lbe fabricated into vi-ouls
shapes, has enabled it to dominate I raii.sdtei aplications. such as lm~ (lol)licn('s.
sonar, and audio tone generators. for- more thani -10 years (123:1.17).

I'olyinersq. The piezo- and pYroelectric effects traditionally encountered inl
ceramics andl polar single crystals were also discovered in certain polymers
(7:3:724). In 1969. lKawai discovered p~iezoelectric p~roperties in a polymer called

lpolyvinylidene fluoride (PVDF) (51:1 ). Since that time. many studies have Verified
that PVDF hias the largest piezoelecti i(- and lpyroelectric coefficienits of any knownu

p~olymers (7:3:724). The largest PVI)F piC'elct-ric coefficien~t is (133 whIichI has a
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value of -33 x 10-12 C/N (68:49). PVDF possesses a pyroelectr~ic coefficiein (p)
which spans 24 to 26 C/in 2 'K (112:2).

PVDF is fabricated from (CFI 2CF2),,, and it consists of long molecular chains
(110: 1.596). Presently, four crystalline forms of PVDF are known: thle .3-phase.

ci-Iphase. Op(b)-phase, and -,-phase (also represented in the literature as Form 1,
Form 11. Form ip., and Form 111. respectively) (110:1.596). Figuire :3.1.5 Illustrates
thle molecular chains of a-phase PVDF, Figure 3.16 illustrates thle p-phase PVDF.
auicl Figure :3.17 shows the unit cells of the crystalline structure frmed b

projections of the molecular chains into the ab-plane.

The -i-phiase is the naturally occurring liase found just after the filml is
Cooled dluring its synthesis. The individual chainis arrange themselves to form at
cent rosviinetric unit cell. prodluci ng anl u npolarizecl polymer crystal (110:1.397). In
thle 3-phase. all chains are oriented essentially parallel to the c-axis of thle unit cell
with all its dipoles p~ointing in the same direction. This structure results in a

noncentrosymlmetric, polarized crystal (110:1-597). Similar to the 3-phase, thle

,,-phlase occurs when the molecular chains are packed in a. parallel arrangemlent,
form-ing a noncentrosvmietric polar crystal; however, this phase is difficult to

retain (stabilize) (32:49; 110:1.597). The op(b)-phase has the same molecular chain
structure as thle a-phase. except that the chains rotate every second chain such that
aill chains are aligned, making this form noncentrosvm metric and( polar (110: 1597).

Comnmercially available P VI)F films usually consist of tile unpolarized

o-phiase material (110:1.598). To form a p~iezoelectric material. the film sheet must
be uniaxiallv stretched (typically att temperatures between 60TC to 65'C) 3 to 5
times it.s oiiJginal length (1 10: 159s). This stretching forces the long p~olymer chains
to become alignled inl tile stretched dlirection. Forming a -3-phase PVDlF film. Poling')
is then performed on the film. either with at thermal or coronia pl)Qing process. Ii,

thermal pl~oing, the samp~le is first .sandwiched between electrode.- and then
sub jectedl to anl electric field spanning 500 to 800 kY/cmn at 90'C to 1 lOo(1 for one

hour. The dipoles in th, film will partially align in the crystalline regions in the
electri field'. direction. Subsequent cooling to room temperature under the
infl'luence of the appliedl electric ficld stabilzes the polar alignment which results Inl

p~ermanent polarization (110:1.598). In corona poling, a non-rnetallized lpolynier
sample is suibjected to a corona- (ischarge- front a needle electrode positioned at few%
centimeters above thle film. A-, the chreacituiiulates on thle film. ;t cimse.s it high
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Figure :3.1-5. M-olecular Structure Of n-Phase PVDF (68:27).
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hydrogen atom

Figure :3.16. Molecular' Struct tireI- Of 3-Phase PVDF (68:28).
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Figre .17 Unt. cI~ Of&, -. ~(6-.And -Phases Of PVDF Projected Per-
pencIiular Onto TPhe Molecular Chains (17:6).
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electric field condition to exist across the film-. Trhis condition aligns the pol1ym1er

chains within the film, even at room temperature (110: 1.598).

PVDF thin films can be characterized by their piezoelectric coefficient

matrix, d. with thc directions corresponding to Figure 3.18 and the notation

dlescribed[ in Equations :3.70. :3.71, an[ :3.72. A generic d matrix has been foundl,

which after uni-axial stretching and poling, is (110: 1599):

10 0 0 0 d15 01
d= 0 0 0 (1-2.1 0 0. (:3.92)

L (1-31 (13 (133  0 0 0]

'Iylica vauesforthe (131. (132 , alId d3 3 p~iezoelectric constants range from 6 to

10 pC/N, 6 to 10 pC/N. and -:33 to -13 pC/'N, respectively. Aciditi onally a typical
pyrelct~iccontatp, for PVDF films spans from 24 to 26 C/n .m K (112:2).

W~hile PVDF film does not possess a strong piezoelectric constant relative to

the synthetic p~iezoelectric materials developed, PVDF film (does possess several

distinct a(l Vantages, nldn (21 :55):

1. The ability to function over an extremely wide frequency range (DC to

approxim~ately 10 MH)

2. A\ low acoustic impedance. making it a good impledance match for medical

ultrasound and hyd rolione applications.

3.Alarger dielectric strength compared to jpiezoceramic mnaterials

(:30-V/miicron versus 1.5-V/micron) and, therefore. the ability to withstand la1frger

elect nic fields.

-1. A relatively large electrical impedance, an advantage which allows the film

to provide a match to high-impedance deI ices. like comphlimentary mietal-oxide-

semi~cond~uctor (CMIOS) transistors.

.5. A structure which facilitates its synthiesis as a thin and flexible sheet.

which can be laminated to a vibrating structuie without significantly (lestroving,

the motion of the structure.

6. A large molecular Nveiaht. which mnakes it mechanically strong and resistant

to extreme environmental conditions (most solvents. acids, oxidants. and

ultraviolet radiation).

3-39



3

Direction Of

Dipole Moment
And fhickness

E3lectrode Xrea

Dircction Of Molecular

Orientation

Figure 3.18. Schematic Iflhstratiiff [he Conventional Identification Of. \xes (17:8).
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7. The ability to be cut and formed into complex shapes or prepared as a

large transducer area.

8. Generally lower material and fabrication costs compared to those

associated with other piezoelectric materials.

Conclusion

Piezoelectricity can be defined as the generation of a net polarization state.

and subsequently an electric field. within a crystal when an external force is

applied. Conversely. the mechanical distortion of the material occurs when an

external electric field is applied. Additionall. , )yroelectric effects must be

considered when a piezoelectric material is subjected to temperature gradients.

This latter situation results in the generation of a net polarization state, and a

subsequent electric field within the crystal.

With the fundamental atomic view of piezoelectricity described by the

electric dipole, scientists have developed equations to describe piezo- and

pyroelectricity in terms of stress, strain, electric fields, and temperature gradients.

Subsequent research into materials possessing these properties has led to the

development of man-made materials, such as ceramics and polymers.

With the fundamental characteristics of piezo- and pyroelectric effects of

PVDF film explained, the operating principle of a piezoelectric tactile sensor

fabricated with PVDF film as the charge generating polymer can be fully

appreciated. The next few chapters describe the design, test, and performance of a

candidate tactile sensor.
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IV. Design of the Tactile Sensor and the Supporting Experimental

Peiformance Evaluation Hardware Configuration

Introduction

In a successful research effort, advanced planning is required to develop and

solidify the intended research objectives and to ensure access to the critical

equipment and instrumentation used to support the test aid performance

evaluation of a specific piece of hardware. To design such a system, a
"'requirements evaluation" of each fundamental component is necessary. Usually.

this process motivates the consideration of several alternatives, and tiade-off 1u.st

be performed between the options, selecting the best alternative for the particular

device to be tested. In this chapter, the design of each component utilized in this

research effort is presented, along with the rationale behind the specific design

parameters (Figure 4.1 illustrates the essential components of the tactile sensor

system). The chapter begins by presenting the design of the tactile sensor

integrated circuit (IC), followed by a description of the piezoelectric PVDF film

being used in this research effort. Next, a description of the adhesives that were

used to bond tile PVDF film to the IC are discussed, followed by a description of

the final tactile sensor configuration. Finally. each component which supl)ltb the

operation of the tactile sensor is presented.

hidegrated Circuit Design

To fabricate a tactile sensor that will functionally mimic a human's tactile

ability. the design of the sensor should ideally' correspond to the layout of the

human skin and the associated nerve endings (9:18). Unfortunately. the integrated

circuit design tools (specifically MAGIC) associated with this rescarch effoi t (ould

not provide a tactile sensor pobsessing the equivalent characteristics of the huiiman

fingertip. That is, right angle corners are required in all IC designs. Consideiing
this limitation in determining the best possible electrode array pattern geometr%.

)revious research by Capt Pirolo included an iwestigation of two types of electrode

array, layout configurations: a striped pattern and an array of square electrodes

(91). His research concluded that the square electrode array pattern would best
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MOSFET1 Amplifiers (16)

Figure 41.2. Floorplan Of The Robotic Tactile Sensor Integrated Circuit Showing 16
Electrical Connections Between One Bank Of Thie.\MOSFET Amplifiers
And Their Corresponding Electrodes.

E-,lectrode Array Pattern Design. The tactile sensor was designed using a

two-dimensional planar electrode allay. Without bi gilficanltlyv changing the phl siil

size and arran,,eient of the electrode array relative to the previous de~sign (45:4I-5).

and by mnaximizing the number of electrodes to correspond with the limfitedl nunibei

Of inp~ut/output pins (132 pins) in the MOSIS package. electrodes measuring

4100 yrm by 400 lim that were separated from their nearest-neighbor by 300 yim

were des5igned. A glass-cut was used to expo)Ose the electrode array and to facilitate

the intimate coupling of the piezoelectric PVDF filmn with the arraN. WithI these

constraint., the number of taxel electrodes wvas configured as anl S x 8 electrode

mnatrix mneasuring .5.3 mim by 5.3 nin. sub.Iect. to the following pin assignments:

*6-1 input lines for the bias volt~age input.
2. 64 output lines for the amplifier outp~uts.
:3. 2 groud lines.
4. 2 supply (Vdd) lines.

In the previous research effort. Captk Fitch discovered a potential charge

leakage path between nearest-neighbor gold bond pads on the I' package (1.5:6-1 )



therefore. all inpuLt. ivirebond p)ads were located onl the left and rgtsides of thle

inteutted circuit, and all outp~ut \rirebOnld pads weore positioiied Oil thle top anid

bot tomn edges of thle IC (when the IC is 'iewverl with respect to its tipper (top)

surface). A photograph of ant actual IC dlie without the p~iezoelectric PVDF filmn is

shown in Figure -1.3.

Ch a rge Amip~ili Design. The amp~lifier functions as a buffeir betweeniIle

hligh imp~edlance of the piezoelectric PVDF_ film and the relatively lowv Impedance of

the mult iplexer circuit which is connected to the outputs of the amplifiers. The

grate region of the \,OSFC'F has a floating gate input with a near infinite input

resistance (> 1Q! 0) and a cajpacitance on eodr f1l farads (416). The RC

time constant of this amplifier should be comp~atib~le with the RC timie consbtant of

the( piezoelectric P\'lF film (typically between I and 100 seconds) (416).

T'he electrode size was determined to be compatible wvith the anticipated

inlput voltage generated by the piezoelectric PN*DF filml while it is Under a p~ractical

mechanical load. That is, the theoretical charge generated by tile p~iezoelectric

PVl)F filml ((IF) cflue to anl externally applied force (F) is given by (68:4.3):

(IF =d 3.jiFI = (1331111(4.1

wherCIe (133 ile lPiCZoelectli-C (Iai ge consbtant. relatiing tile ext ernall applied force.
which Is Ii a direction p~erp~endicular to the smrface of thle Film, to the(
lebluiting charge. which mcontiujulatcs between thle top) and bottom
surfaces of' thle film.

Fl is tHie magnitude of the externally\ applied force.
iii Is the mass of the externally aJppliod load, and
1-1 is the magnitude of the accelera tion clue to g~ravity.

Also. the( charge generated by the pyroelecirnc effect, of tihe IPVDF filiri ((qrI) Is

(68:47):

= pA~l- T0 )(4.2)

where 1) is thle l)yroelectric constant of thle PV DF film.
.A is thle area of the PVI)F film.
T' is the final ternpleraturiie of the s 'yt em. and
To Is the initial temperatuiire of' thle svsteml.
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Therefore, thle toial voltage (V.) generated in the piezoelectric PVDF film is (68:47):

v __ d3 3 tmjlgl +pt(f' - To) (4.:3)

where. for example, the valUes of' thle constants are:
(1.33 is the p~iezoelectric charge constant \-16 pC/N) (112:2)1.
t is thle thickness of the PVDF Film (40 x 10' in).

mn is the mass of the externally applied load (kg),
gl is the magnitude of the acceleration cIlue to gravity (9.81. m/s 2 )

co is tile electrical p~ermittivity of free space (8.85 x 12F/i-n) (66:57),
C-. is the relative permittivitv of the PVDF film (12 dlimension less) (68:50),
A is thle area of the electrode (0.16 x 10' mn2),

1) is the lpyroelectric constant (24l x 10 3 C/mn2 K). (68:50)
is the fnltemperature of the system ()

TO is the initial temperature of the system (typically, 3001K).

Hence. for loads spanning 1 a to 100 -gw ithi no temperature ch mnge, a piezoelectric

1?VDF film should generate voltages that span 0.37 \f to 371V. On the other hand.

if the temperature changes I 0J (or 1)tile film sh( uld generate -9-V. Thle ideal

amlifier should possess5 a linear output. region for input levels ,panning -8.6.3-V to

:37-V.

One objective in the design of the amplifiers was to ;-iiimmze variations

between thle performance of this tactile sensor and h le previous sensor

configurations. To achieve this goal. thle value of the !oad r.esist(rs.- and gate size,,

on each of thle amplifier NMOSFET!> were bystematically varied to extend thle linear

region of thle arnplifier. yet still, maintain a t olt.age gain of at. least 1.25. The VLSI

CAD tool SI1CE was used to model I lie amplifier. Cp'.i C-011mitalis the

SPICE code used in this design effort. TO enlhance the lamie of thle hlear regi011 of

the amiplifier without. degrading the op~eration of ea!- NIOSIFET or deviatingy

significantly from the previous de.,..& thle amplifier wab designed to be comlpaf-iblv

with a 1.5-V power supply. According to the ideal SPICE response. the amplifier

should f)obseh a linear region spamn;mmg from juist less than 2-V to greater than 8-V.

The schematic of thle amplifier an-! its associalted physical dimensions are

illustrated in Figure -4.1. and Figure -1.5 depicts tile SPIC.E-predicted characteristic

transfer function of this amplifier design.



Vdd = 15 V

7k 2 5k.2

' o ; Vout
VinO-

Lenih Of The Gate - 2 microns Length Of The Gate - 2 microns
Width OF The Gate - 5 microns - Width Of Tle Ga:,! - 3 microns

Figure 1.A. Tactile Sensor ( 'liarge Amplifier Sclhiiat ic.
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.FIgure .. Chiaracteristic Transfer Fu~nction Plot Of The Tactile Sensor Charge
Amplifier 'Predictedi By A SPICEl Analysis.

To analyze the cliaracterst,c ' e amplifier relative to a range of sulplil

volitages (V~) different supply voltages were used as iputs in thle Splr,!.
simulation. ITable -4.1 hists the characteristic linear ranges and thle exp~ected un

relativ-e -to a s5pan of supply voltages. The MOSIS fabrication p~rocess guaratitc,

sheresistance values to Within a. giveii tolerance (for thle 2 jun. n-well fabrication

process -he shieet resistance values span -. 20%1c). Obviously. the amplifier's
re~~olseill chiange dlue to variations in resistor values; conseqjuently. thle ideal

resipoii.se ,' 1he ampllifier. relative to a ranige of sheet resistance valuies (hence

resistor values), was calculated. T'AOIlt -1.2 -Ihust rates the effects of filie variat 1011 inl

shIee!t resistance rebtive to thle amiplifier's p~erformnice. In each c.ise. thle linear

B10io1! of the amlplifier spaqf a rag fiptadoutpu %otgswoegi at a
seiic input voltagec Is Within 10V~ of hie amnplifier'sgaini within the linear reg~ion.

TVest p~rob~e pads were incorporated at uhe ainilfier's input gate contact to
facilitate biasing-. should ',.It( bias configuration fail to operate. and to also %eiif%

litipe operation of tile ariplifier dluring thle integrrated cir iiit evaluation process.
Additionallk. one isolated amiplifier was placed oni each corner of the array to

emalite dIe% iations from thle expected amplifier cllaractelikitics across thle (nlireIC
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Table -1.1. Tactile Sensor Amplifier Characteristics With Different Supply Voltages.
Supply Voltage Linear Range (Input) Linear Range (Output) Voltage Gain

10 V 1.6 V - 6.1.5 V I 3.5 V - 9.2 V 1.:32
11 \ [1.8 V - 6.5 V x. - 9.8 \ 1.32
12 V 2.0 V - 7.0 V .1 V\ - 10.5 V 1.31
1:3 \ 2.1 V - 7.5 V -1.75 V- 11.5 V 1.:31
1.1 \V _._- 7.9 V 4.9 V - 12.2 V 1.28

,15 V 2.3 V- 8.1 V -.5.0 v - 13.5 v 1.27
16 V 2.5 V - .7 \ .5.7 V - 13..5 \ I1.20 
17 V 2.6 V - 9.5 V 6.0 V -1,..5 V 1. 1- t
18 \v _ 2.7 V - 10.0 V 6..5 V - 16.0 V 1.1.1

'19 V 2.9 V- '_0.4\ V 70 V - 16.5v I 1.05

20 V 3.0 V- 11.0 \1 7.7 \ - 17.3 N 1.00

Table -1.2. Tactile Sensor Amplifier Characteristics For A 10-V And 1.5-V Bias
Supply And The Expected Sheet Resistance V'-.Iies.

Supply ISheet Linear Range I Linear Rangc I
V oltage I Resistance j (Input) i (outpt) I

10.0 " V o_ . 6.8 V 5.0 V - 9.0 \
22_ Q/0 2. V 6-4 V .1.7 V - 9.0 V
-12. 0 2/o . V- 5.7 V -1.3 V - ,.:3 V

125 /O j'2.4 V .5.6 V 1.2 V S.-2

128Q/o 2.l\ 5.0V -1.0 V 8.2V
00 12.6 V .50 \ 3.9 V 8.3 V

15.0 V 20 f20 2.6 V 10.0 I 8 - 13.2V
22 Q/0 /13 2.5 V- 9. -V V: I .1 V

12.10/0 2.-! \:3 v .5.5\v 13.0v
215 Q/0 -2.3 V-x. 12. vI

_ 26_/o 12.0 V- .i7 V- 12..5 \
_28 Q/0 12.1 V 7.6 V 4.5 V _ ..5_\"1
.IO 12.1 V .3 V ..2 V 12.5 V

'-9



The final amplifier's Caltech Intermediate Form-at (CIF) plot is depicted in

Figure 4.6.

Piezoelectric P 1'DF Film

The principle of tactile sensing utilized in tis research is b~ased upon the

deformation of a p~lanar pie/oectric polymer filmn while it is under the influence of'

ain externally appliedl stress. Since the charge generated in thle filmn is directly

proportional to the PVDF film's thickness. and a more robust output signal Is

desired, a film thicker than that used in previous research has recently been

evaluated. Several piezoelectric P V DF fi Iill thicknesses were investi ratecl in Capt

Pirolo's research. including thle 2.5 lin and 40 jan thick films. Hius research

concludled that the 410 pilm thick PVDF film 1)ossess-ed a more useful piezoelectric

aciiycompared to thle 2.5 tim thick film (91:6.1). Additionallytlpizecrc

PVI)F film can lbe cut to practical sizes andl shapes. and it can be readily coupled

to the planar electrode array onl the sensor's integrated circuit.

P VDF Fim Adhiesivye Perfo rinan ce Comnpa rative Investigation

Last year. Capt, Fitch reported that, a urethane adhiesive (M-iller-Stephenlson

Chiemical Co.. .\lS-470/22, George W\ashington Highway. Danbury. CT. 06810) %a~s

the most robuist adhesive exaluated (45). To establish at baseline and to iliiinizo

dleviation fromn prev'ious research findings, urethane was used ats thle baseline

adhiesive miaterial. To evaluate the iclati ye adhesive robustness of several ad izesit--

two other adhiesives were evaluated] as potential candidates for coupling thle

piezoelectric PVI)F film to the electrode array. Besides bonding the PVDF film to

the electrode array. the adhesive must act as a non-coniducting (lwls)dielect i-i(

The two candidate dielectrics ,:elected include represe.-atti~ve samp~les of (lielectIics

used in electronic device fabrication: a polyi nzide dlielectric (U It radel Polviinlide

Dielectric. AMO1CO Chemical Co.. Chicago. IL 60601). and a plastic dielectric

(Lortite Tak Pak. Number 7.586A21, Loctite Corporation. Newington. CT 06111).

Tactile Sensor Configuration

The firial tactile sensor configura.ion included a, planar electrode array which

measured -5.3 min byv 5.3 mim. and it was suriirounded by NIOSFET charge

amplifiers. The piezoelectric PVI)F film was attached to thle integrated circuit. and
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the chaige generated by the stressed pok itier Was (iccumiulated between the metal

electrodes. This small voltage was then amplified by tile NIOSFET amplifiers

wvhich are connected to the lower electrodes via a Mketal-i line. The Mletal-i

conductor is Isolated from the piezoelectric PVDF film with a :3 /tim thick dielectric

lpassivation layer of silicon dlioxidle (SiO 2). A cross-sectional view of a bimall section

of the completed tactile sensor is shown in Fire 4.7.

Component Design

Thlis thesis effort consists of several critical phases. Each componlent design

p~hase mnust be considered individually, and the particular dlesig~n lpararneters nust

lbe calculated to ensure proper integration into thle s3 stein and successful operation

of the tactile sensor. The supp)ort components of the effort include thle bias voltage

circuit configuration, the multiplexer circuit. the pyroelectric effect, minimization

chamber. thle load shapes. and the test fixture for applying the load shapes.

Bias Voltage Circuit Configu~ration. To provide a uniform bias condition

across the surface of th entire tactile sensor array. an off-chip bias circuit,

con figu ration was designed. This fu uctionali tv was intended to eliiinate thle

req ui rement for sep~arately biasing each t axel amplfe usng the Micromanipulatoi

probe station (as was utilized in Capt Fitchs research (4-5:.5-2-5)). The specific

con1figurtio adapted in this-io research consisted of high impedance (101 -0- whlen

open circited) switches which. when sinniltaneously activated, uniformly biased

the entire electrode array. Figuire 41.8 illustrates how a high impedance switch is

connected to thle input of thle taxel amp~lifier. Once the tactile senisor's MIOSFET

amjplifiers were b~ialsed. tile sw:,' dies %%vre opened to isolate the bias % oltagt from)

thle tactile sensor circuitry.

To ensure minimium charge leaka'qe durinp thle off-state of the bias circit.. a

switch was required that l)osse~sserl all imp)edanlce greater than or eqlual to that of

thle PVDF film and thle NIOSFETs gate contact. After a reviewv of several

Coininerciall1% I~aIlable Switches. hi4 iiipedance. iniature reed switches were

selected. The reed switcs selectedI %%erv fabricated byv Potter and lBruinfield

(Potter and Brumfieldl Relay S)pecialIties. Inc.. miodel .JWD-171-21. Oakland. N.J

07,136). Each reed switch contains two Inidependent Switches with ani off impedan e

onl thle order of 1 02 .0 Thirt v-iwo hi-i)h iimpedaince switches were assembled onl a
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solderless protoboard (1.7&L Instruments, Inc., Elite-I Circuit Design System

Protoboard, New Haven, CT 06512), to realize the required bias voltage switch

network.

Multiptc.rcr Circlit Configuration. To eliminate the charge-leakage problems

found in the previous research due to the on-chip multiplexing circuitry (4.5:6-1).

an off-chip multiplexer circuit configuration was designed. The multiplexer must

support 64 channels because the tactile sensor electrode array contains 6-1 taxels.

The multiplexer was designed to sample each taxel's response and generate a, serial

stream of data as its output. The multiplexer circuit configuration consisted of

nine 8-to-1 multiplexers (Maxim Integrated Products, number MAX328.

Sunnyvale, CA 9,1086). To control the multiplexer, several other devices were

selected, including a counter to control the decoder (consisting of two counter chips

- Texas Instruments, number SN74161, Dallas, TX 75265), a decoder which selects

a particular multiplexer IC (assembled from a 3-to-8 decoder chip - Texas

Instruments, number SN74156, Dallas, TX 75265), and a combinational circuit

used to reset the counter and trigger the Digital Storage Oscilloscope (assembled

from an AND gate -Texas Instruments, number SN7421, Dallas, TX 75265). All
of the chips were configured on an Elite-1 Circuit Design System Protoboard.

Figure 4.9 illustrates the configuration of the multiplexer.

Pyrodcciric Effect Linitation Chzamber. Since the piezoelectric PVI)F film is

also a pyroelecLric material (68:17), the pyroelectric effects of the f.m could

potentially perturb the expected tactile sensor performance results of the

piezoelectric PVDF film. Therefore. minimizing the pyroelectric effects is essential.

To satisfy this requirement, effects from overhead ':ts. external test equipimelit.

and human contact was minimized by placing the tactile sensor IC. bias circuit.

and test load shape application fixture in a chamber. This ensured all conlections5

to the floating gate of the electrode array were enclosed by the chamber.

To determine the physical size and shape of the chamber. the specific

performance features of the chamber were established. Initially, the PVDF film,
tactile sensor IC, and related support circuitry required the use of the

Micromanipulator probe station (Micromanipulator Company, Inc., model 6200

Probe Station. Carson , NV 89701). To minimize the pyroelectric effects. the

chamber must cover the Micromanipulator probe station. Aftei the initial testing

4-15
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was completed, the tactile sensor system was moved to a test bench and the

system's performance was evaluated. To minimize the pyroelectric effects under

these new operating conditions, the chamber must physically cover the sensor

system, bias circuit, and test load shape application fixture.

Two alternatives were considered for realizing this chamber. One option

required the design of two separate chambers. one to cover the Micromanipulatot

probe station, and one to cover the tactile sensor system on the test bench. The

other alternative considered was an adjustable-size chamber which could be Used in

either instrument configuration. The adjustable-size chamber was the option
selected because of its design simplicity, physical weight, and flexibility.

The chamber was fabricated from PVC pipe, and it was fitted with a cloth

cover. The legs can be adjusted to two positions: a maximum height of 36 inches
and a minimum height 18 inches. The support beams of the container were

adjustable over a range of widths and depths: a minimum width of IS inches, and a

maximum width of 36 inches; a minimum depth of 1.5 inches, and a maxinum

depth of 31 inches (Figure 4.10).

Tes-Load Shapes. In this research. smaller test-load shapes were designed to

evaluate the sensor's abilitv to image different shapes and recognize them when

applied to different areas of the electrode array. To implement this objective.

several shapes were designed, including ,a sharp edge (designed to activate one ro%%

of taxels), a small solid square (each side 1/2 the length of the sensor's electrode

array edge), a small solid circle (radius less than 1/14 that of the sensor's array

size). and a small polygon (one side as long as that of the sensor's array edge, and
the other side 1/2 the length of the sensor's array edge). Additionally, to illustrate

the ability of the tactile sensor to detect inlustrial type of shapes. two additional

designs were iml)lemented: a slotted :scieW head and a cross-slot screw head. In

previous research, the test-load shape., tx picall contacted virtually all the taxels in

the electrode array. Two load shapes. it large solid circle and a toroid, designed and

fa bricated previously, were also utilized..\ ieplesentative sa.mple of the load shape

geometries is included in Figure 1.11. and each load shape is presented in more

detail in Appendix B. The test fixture u.ed to apply the load shapes was designed

and fabricated by Capt Fitch. Figure 4.12 illustrates this test fixture.
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Conclusion

A tactile sensor system comprised of several essenti-ii components was
designed. The pimrary component, the electrodle array K: maximized the number
of allowable pin assignments, resulting in an 8 x 8 elect irode, arraty. To p~rovidle

charge si-iial amplification, 6-1 MOSF'ET amplllifiers were inccwrporated into thle 11C.

each possessing at gain of 1.23 from 2.3-" to S.I.N\f To couple at 410 umn thick piece

of p~iezoelectric PVDF film to the IC surface. three p~otential adhesives were

selected for an adlhesive study. These adhesives included at urethane adhesive. a

lpolyimilde dielectric and a platic dielectric (Loclilc). The restilts af this adhesive

study determined which aclhei'M p~ossessed the best. lphysic;, and electrical

characteristics for use in a pie- oelectrjc tactile sensor. Several additionatl

components were dlesigned to support thle op~eration of the tactile sensor IC. To

app~ly a uniform initial voltage to all taxel electrodes, a high impedance bias

network was designed using reed sx~itchecs lpobsessing an off-impedance of 1013 Q. A

64-to-I multiplexer used to serialize the 6-1 output lines was designed using

commercially available components. Also, to minimizemay pyroelectric effects

during the op~eration of the sensor, a chamber fabricated from PVC pipe was

designed to enclose the tactile sensoi KC' and support equipment. Finally, several

shapes were designed in an effort to characterize the tactile sensor's ab~ilitv to

detect the shape of the load in contact with the taxel array.

To ensure successful operation of Hie tactile sensor. all c:omp~onents in this

research effort wvere desied with thle svelallsy ern operattion in mind. To ~rl

whether the individual components. as, well as the integrated systemn. operated as

designed, a comprehensive evaluation piogiaiii was implemented. The next chaptei

discusses the test and evaluation pi (cc(hii res, i mnjleilleited III this research effort.
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V. Fabrication and Evaluation Procedures

[1ti-Odu ionm

In any% successful experimental endeavor, not only does the critical item have

to perform properly, lbut all sup~porting C(]Uipmeil~lt Must alSO perform as Intended(.

To enhance thle lprobabilitv of success, each component in this research effort was

tested individually to characterize its performance before assembling the

comp~onents togiether to realize thle tactile sensor test configuration. This chapter

p~resenlts. in chironological order. tilie fabrication and evaluation procedures
accon-pl'.;ii( I to realize ain operatioiiJ. tactile sensor (Figure .5.1 illustrates thle

evaluatioi' increments). The presentation begins widh a, description of each

com-ponent's test mnethodology, i nclutding the 1)iezodectric PVD F film

characterization, thle tactile sensor bias circutit evalulP ion, and multiplexer circuit

evaluation. Next. the evaluation of the tactile sensor support system will be

presented. and it consists of thle tactile sensor bias circuit. the multiplexer circuit.

and tactile sensor protol)oard configured together. Then, the fabrication of the

tactile sensor wvill be described, along wvith a presentation of the ahesive study

procedures. Finally. thle tactile sensor , -aluiation p~rocedlures will be presented.

inciluding both thle indIividlual electrode tests and the elect-rode array tests.

Componentl T(tlng

To p'rovide a baseline resp)onse of thle test, configuration supporting the tactile

SenlSor IC. a p~erform1anmce evaluation cia ra t erize(I each fu ndarmen tal comnponent

before it was integrated into thle final te(st configuration. The complonenits tested

Included thle piezoelectric PVI)F filmn. (lie tactile sensor bias circuit. t-he

mnultip~lexer circuit., and thle elect rode array IW.

Piczoelcclric P 1DF Filmn (b,,'uacri:0iioni. Concurrent with thle IC

fabricationi process. the piezoelectric P VI filIm was characterized to dleternmine its

p~olarization (68:29). The surface of thle film which developed a positive charge
when the filmn was contacted with ain externally applied force was identified as tihe

9ImrfaCe tha1t waS SubSequLemItlv' attached to thle elect rode array (this side was also

idlent ified as havinti a negative voltage( resp~onse duie to it positive change( III



'rct~cScsosBias Circuit Eauto

Multiplexer Circuit Evaluaion

* EctdcrryIntegrated Circuit Ev~aluation Piezoclecric PVDF Filmn Cturacerizai1

Evauaio c~rc acil Sns ri -'duali Prfr.a

Taxd: Array Elvaluation

Fitire .5.1. Fabricatilon And( Fvalttatlion Flow Diagram.
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PVDF Fiirn ~ lze oto Wire Bond
of Glss~ Slide

- UnmetaIlized

Glass Slide

Electrometer (Model 617)

Figuire .5.2. Bulk Piezoelectric PVDF Film Characterizatilon Scheme Using' A Class-
Mlicroscope Slide Sulbstrate.

tcm1I)erati-re). This surface was not metallized. and this featuire facilitated Cou~pliung

h le charge generated in the PVDF film with the gate contacts of thle In s:itit
.\IOSFETS-. The detailed lprocedlures for performing the piezoelectric PVDF filim

rhai acteiizatioii proce~ss are dliscussed ii AppJendix D, and a sull)ila ry follows.

'I'o (determine the polarity of thle filml. it was attached to a partially metallized

gvlass microscope slide. A metallization p~rocess (either thermal evap~oration or

spuIttering) was used to p~artially cover the glass:.- microscope slide to realize the

electrode configuiration shown in Figuire 5.2. Tis configuration was also used to

siniulate the e!ectrode array p~atter'n and the sulbsequent p~iezoelectric lPVl) iii

coveraige of thle electrode onl the tactile sensor integrated circuit. One strip) of the

conductive copper tape was also attached to the deposited electrode.

Apiece of thle p~iezoelectric PVDF film was attached to thle glass slide using

Ithe iitret hane adhiesive. Once the piezoelectric 1PVDlF- film was attachied to the ,Jlass



Dig.il Storage Oscilloscope

to be displayed

Oscilloscope IEEE.4$b Bus Z26P

Keithley
Electrometer
Model 617

Glass Microscope Slide

Figure 5.3. Pijezoelectric PVDF Film Characterization Instrumlentation Configui'la-
tion.

slide, a bias voltage from the electrometer (INeithiley Instruments, model 617,
Cleveland, 01-1441139) was imp~ressedl across thle film to simulate thle bias v-oltage
required to operate the tactile sensor's IC aniplifier. To observe any potenitial
pyroclectric effects. a heat source was brought close to thle surface of the
piezoelectric PVDF film, and the voltag e dectectedl by thle electromleter was5 recorded
on a floppy diskette using a personal compuiter (Zenith Data, Systems Cot porationl.
mrodel Z-2,18, St. .Joseph, Nil 49085) equipped with anl IEEE-4S88 interface card
(Capital Equipment C'orporat ion. model 01000-60:300. Burlington. MA 017:30) in
conjunction with the BASIC p~rogram whose listing is provided in Appendix I,.

Next. a, fixed load was applied to the film. an([ thle voltage detected by 1.1
electrometer was recorded onl floppy diskette using a Z-248 personal computer in
conj iuction with the BASIC program. The eqjuipmenI1t configuration is ill ustral ed

inFiue .3 lsthle l)yroelectric effects were evaluated by placing a, hlea source
close to the piezoelectric P1VDF film while it was uncle a loaded condition.

If thle signal was positive, the top surface of thle filmn was marked to indicate
that thle metal on that surface would be removed with a wet chemical etchant

(ferric chloride); if thle signal detected was negrative, the film orientation was



reversed, and the load was reapplied. The electrometer then detected a positive

response signal. The newly oriented film's surface was then marked for the

subsequent metal etch process.

The p)roper side of a large sheet of the piezoelectric PVDF film was then

etched with ferric chloride, rinsed in deionized water, and dried with nitrogen.

Next. 6 mm by 6 mm pieces of the piezoelectric PVDf film were cut from the

etched sheet and stored for the subsequent fabrication of the tactile sensor.

Tactile Sensor's Bias Circuit Evaluation. The high impedance reed switches

(Potter and Brumfield Relay Specialties. Inc.. model JWD-171-21. Oakland. N.J

07-136) were placed on a solderless test protoboard (E&L Instruments. Inc.. Elite-I

Circuit Design System, New Haven. CT 06512). The Keithley electrometer (model

617) was used to evaluate the commercial high impedance switches by measuring

both off- and on-impedances. Next, a constant voltage source supplied by a battery

was connected to one side of the switch. An oscilloscope was then used to verify

that the outputs produced a voltage bias when the switch was activated. The

characteristic response of each switch was measured to determine the maximum

switching speed of the network. The data acquired during this evaluation was

stored on a floppy diskette using a Z-2-18 personal computer in conjunction with i

BASIC program. The BASIC program list.ing is provided in Appendix E.

3hillipl.re; Circuit Evaluation. The multiplexer ICs were inserted into an

Elite-I circuit design system protoboard. To evaluate the multiplexer circuit. a

random selection subset of 12 inputs were connected to a bias voltage supplied b a

battery. and the remaining inpluts were connected to a. common ground. To

evaluate the circuits ability to multiplex and pass the input voltage provided 1:%

the tactile sensor'- amplifiers to the output of tie circuit, the input pro% ided b tl

battery varied between 0-V and 15-V using a voltage divider network. Next. a

function generator (Hewlett-Packard. Inc.. model 3314, Palo Alto. CA 9.130.1) was

used to produce a range of frequencie, (500 liz to 100 klIz) to clock the multiplex,'i

circui try. A digital storage oscilloscope (either a Hewlett-Packard. Inc.. model

54100. Palo Alto. CA 94304. or a LeCroy Corporation, model 9.100. Chestnut

Ridge. NY 10977) was used to displa% the output of the multiplexer and to store

the d'ata. The data was transferred to a Z-28 personal computer for subsequient

data processing using the BASIC progranis whose listings appear in Appendix E.
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Figure -5.4. Aminpli fiet Test Con figu ration.

Licci rode A rray hinegr-aled Circuit Eralaizon. Once the integrated cirruit

was received from -MOSIS. the critical elemnents of the IC were tested. To verify

that the integratedl circuit had no fabrication defects. a. comprehensive Visual

inspection of the IC was performed using anl optical mnicroscope N:CXL. thle DC
resista-nce between adjacent gold wire bond pads in the IC packag,,e wexe measured

using I he Keitliley elect rometcr (model 617). Finally. the amplifier circuit was

evaluati ed utilizi ng thie following procedure:

1. Thie expected theoretical DC operating point of the amplifier wmes

dleterimined using a Miltimet-er (John Fluke Manufactuiring Co_. model 7/N

Everet t. W\ ) to measure thle amplifier's resistor vailes. Thie resistance

nicasulrenmelts (if :several resistors were recorded. and their funidamieintal tisis

(ant hinletic averagre. standard dleviat ion. etc.1 were comiputed.

2. he Neithlev electrometer ( model 61 71 was used to apply a linear ipt

signal (increasing from OXV to 20O.V) to onle of thle-till lifiers. and it., onttlit

cliarituteristics were nie-ured. The results were recorded ont a romiter (liskett
Using IIhe test configruration shown lin Fiur j.1 The IIIt wa urd uisint a

13;SIC con- titer p~rogramil a Zenith Model 248 personal computer. This BASIC

program listing is providled in A\ppendix 1:.

:1. Ani average set of amplifier cha racteristics was then compared to thle

SPICE analysis performed duiring the sensor's design phase.



Evaluation of the Tactile Sensor Bias Circuit, Maltiplexer Circuit and Tactile

Sensor Protoboard System

The bias. multiplexer, and protoboard circuits comprise a system which

provides the bias voltage to the tactile sensor and interrogates response signals

from the tactile sensor, and it must be thoroughly characterized. This intensive
characterization will ensure that the system operates as intended, and that any

deviations from the designed parameters are accounted for.

The sixty-four outputs from the high impedance bias switch network were
connected to the input connections of the tactile sensor's protoboard. Several

random input connections were tied to ground using a capacitor (165 picofarals).

which simulated the piezoelectric PVDF film. The bias voltage was then switched

on and off repetitively, and the response was recorded on a digital storage

oscilloscope. A characteristic response t me of this configuration was then

calculated to ,* ermine its maximum operating speed.

Next, the sixty-four output connections of the tactile sensor protoboard were

connected to the input connections of the multiplexer circuit. Similar to the

multiplexer's evaluation, several output connections with voltage signals supplied

by a battery were routed from the tactile sensor protoboard to the multiplexer

inputs. These output channels were displayed and stored on a digital storage

oscilloscope, and the data was retrieved using a Z-248 personal computer with a

BASIC program. A characteristic response time of this output configuration %%as

then calculated to determine its maximun operating speed.

Finally, an electrode array IC was placed into the tactile sensor protoboard.

and select electrodes were activated using a Micromanipulator test probe. The

multiplexed output of this condition was recorded using a Z-2-!8 personal conputet

with a 13ASIC program. This ai rangeinent provided an operating condition close to

the sensor's final operating condition, and it was used to determine the optimum

operating speed of the multip!exer during tile tactile sensor array evaluation. Al.so.

the effects of this voltage input on neighboring taxels was evaluated before

attaching the piezoelectric P\IDF film.

Tactile Sensor Fabrication

The physical size of the IC was intentionally limited to an area measuring
7.9 mm by 9.2 mam. and the associated electrode array measured 5.3 mm by
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5.3 mm. To fabricate the tactile sensor, the piezoelectric PVDF film was attached

to the surface of the IC. Three different adhesives (urethane, polyimide, and

Loctite) were used to couple the piezoelectric PVDF film to the surface of the IC.
The detailed procedures used to fabricate the tactile sensor are presented in

Appendix F, and a summary follows.

To fabricate the sensor, the charge on the piezoelectric PVDF film was
charge-neutralized by imme,'sing it in a grounded solution of deionized water and

HCI. Next, adhesive was dispensed from a syringe onto the center of the

piezoelectric PVDF film and spread as a thin laver with a glass slide. Tile

piezoe!ectric PVDF film was then tran.sferred to and properly centered on the taxel
array. A small piece of cellophane was then placed over the piezoelectric PVDF

film to prevent the adhesive from bonding with the glass microscope slide. Then, a

6 mm by 6 mm glass microscope slide substrate was properly centered over the
piezoelectric PVDF film. A uniform force was t-en applied to the ensemble with

several paper binder clips. The fabrication configuration is illustrated in Figure 3.3.
The entire package was then transferred to a vacuum :,ystem and exposed to a

pressure of 100 microns of mercury for 15 minutes. This cure process was utilized
to eliminate trapped gas (solvent) molecules beneath the piezoelectric PVDF film.

and it caused the film to be snugly drawn against the electrodes in the IC. Finally.

the ensemble was cured at 6,5cC for 1 hour.

Once the fabrication process was complete, the tactile sensor was visually

inspected under an optical microscope to discern the overall quality of the bonded

piezoelectric 1PVDF film. Should the piezoelectric PVDF film not adhere properly.
the film was removed, the adhesive was removed with acetone, and the IC was

placed in the plasma asher (SPI Supplies. SlPI Plasna Prep II \,Vest Chester. PA
19380) to remove residual acetoeli. The DC resistance between adjacen, gold bond
pads was then measured using the Keitlile electrometer (model 617). (If the DC
resistance between adjacent gold bond pad.s degraded, the gold bond pads of this

and subsequent ICs were coated with silicone rubber and the DC resistance was
again iueasured with the Keithley electrometer (model 617)).

Foi each fal)ricated tactile sensor. a l-mil diameter wire was connected to tlIe
top electrode surface of the piezoelectric PVDF film, and the other end was

attached to a gold wire bond pad on the ICs ceramic package. Conductive silvem
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paint was used to attach the wire to the polymer's top surface electrode. This

connection serves to electrically ground the top surface electrode.

A dhc'siv Evahlation

A piezoelectric tactile sensor which is fabricated in the manner described

above must possess robust mechanical characteristics. A critical element in the

fabrication process is the adhesive used to bond the piezoelectric PVDF film to the

electrode array. The adhesive evaluation consisted of two basic components. which

included an evaluation of the aging characteristics of the three adhesikes. and an

evaluation of the electrical properties of the three adhesiyes.

To evaluate the aging qualities of the adhesives. spare IWs from the previous

research efforts were utilized. The spare ICs do not possess the proper electrical

characteristics; however, their electrode array pattern is similar to the present

design, and they adequately simulate the desired configuration. This technique

reduced the number of functioning ICs needed to perform this portion of tile

research effort. Three sensors using each of the three adhesives (a total of nine)

were inspected every seven clays over a total duration of two months. Should the

properties of one of the adhesives be unacceptable (for example, cracking), the

adhesive was not evaluated in the subsequent electrical performance tests.

'sing the IC designed during this research effort. the first tactile sensor vas

fab,'icated using the urethane adhesive. Capt Fitch reported that the urethane

adhesive possessed robust adhesive mechanical characteristic (45:6-1). Using the

urethane based adhesive, the tactile sensor was subjected to the individual taxel
performance tes, and the taxel array performance tests described abox e. These

test res1ults served as a baseline, relative to which the other adhesivs were

compared. The second and third adhesives were then u.sed to falIicate two othei

tactile sensors. and their performance measurements were collected. The three

act ile sensors were evaluated to provide repi uducilhilitx infot nat.ion relative to

time. facilitating a comparison of the electrical qualities of the different adhesives.

latile Scn.soir Evaluaio i

Once the tactile sensor was fabricated, its performance was evaluated in two

phases: the discrete taxel response verification test. and the entire taxel arrax,'s
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response test. These diagnostics weic performed for the adhesives which revealcd

promising results during the initial portion of the adhesive evaluation. To conduct

the performance evaluation phases, the tactile sensor IC', tactile sensor protoboard,

multiplexer circuit, bias circuit, and test probe were placed in a chamber designed

to minimize pyroelectric effects (Figure -1.10). Then. the following tests were

performed.

Individual Taxei Pe7formanlce2. Individual taxels were randomly selected for

the discrete taxel performance evaluation phase. The top surface of the PVDF film

covering the aluminum electrode of the taxel was grounded. The selected taxel was

biased with the high impedance iced switch network. The charge correspondingly

generated was trapped between the high impedance of the a ml)lifier's gate input

and the large impedance of the piezoelectric PVDF film. The output of the in situ

amplifier was connected to the digital storage oscilloscope and the time rate of

change of the charge was measured. An average decay time was calculated, and

graphical plots were generated to e~aluatC whether the output variation possessed

a linear, exponential, or some other functional dependency. Next, the bias voltage

was reapplied and the response of the taxel Nuas measuIedC for several loads applied

using the Micromanipulator probe station. An IEEE-488 bus was used to transmit

the data to the Z-2-18 personal computer where it was recorded on floppy diskettes.

A BASIC' computer program was used to process this data, and it is listed in

Appendix E.

Electrode crosstalk effects were also evaluated. Several taxels were biased

using the high impedance reed swith h network. Then, the Micromanipulator probe

station was used to apply the load to d taxel. Using the outl)ut of the tactile sensor

protoboard, the output responses ol" the i, aiest-neighbor taxels were dlisplayed on

the digital storage oscilloscope. As lo,ids were applied to the selected taxel, the

response from the neighboring taxels were measured and recorded using an

I.EEE-488 bus connected to a Z-2-18 personal computer. A BASIC! computer

program. whose listing is proided in Appendix E. was used to process the data.

Thxel A iray Evaltation. The tactile sensor was inserted into its protoboard

and connected to the bias circuit and multiplexer configuration. The entire system

(Figure ,5.6) was evaluated using the st-ep-b% -step procedures listed in Appendix II.

A summary of the taxel array evaluation procedures follows.
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process resulted in a three-dimensional plot of the data. In an effort to verify

whether the sensor actually detected the shape, several equipotential contours were

evaluated to determine which contour most closely resembled the shape of the

applied load. The value of this equipotential contour was then used to determine

which taxels possessed output responses above or below this threshold contour

level. On a two-dimensional representation of the S x 8 electrode array, the taxels

which possess output values above this threshold level were displayed as black. and

the taxels which possess output values below tIhis threshold level were displayed as

white. The ensemble of three-dimensional plot. best-fit contour level, and

two-dimensional threshold taxel representation should de pict the sensor's ability to

detect shapes.

Conclusion

The procedures enumerated in this chapter have provided a means to

systematically ensure that the entire tactile sensor configuration performs as

intended. Any deviations from the designed operating parameters associated with

each individual component relative to the actual operating characteristics could be

discerned early in this testing phase. and then corrected or compensated to

minimize their imlpact on the overall test program. The data collected from the

component tests. the adhesive evaluation ,,,tudy. and the tactile sensor tests will be

presented in the next chapter.
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V1. Evaluation Results

Introduction

Critical to the evaluation of a research effort is the analysis of the acquired

data results. Sincc the evaluation portion of this research effort was constructed

around an incremental test approach, each component was thoroughly evaluated

and analyzed before proceeding to the next higher-level evaluation phase. In this

fashion, unexpected results led to a bettel uiderstanding of how each component

contributed to the overall )erformance of the tactile sensor.

This chapter will present, in the chronological order accomplished, the

performance evaluation results for each supporting component, the adhesive study.

and the tactile sensor. Initially, each component which supported the final

performance evaluation configuration was thoroughly tested and evaluated to

determine its measured performance relative to its anticipated performance

specified in Chapter IV. Next, an intermediate evaluation of the combination of

support components without the tactile sensor IC was evaluated to determine the

effects. if an". of integrating the support components together. Then, in an effort

to evaluate the performance of three adhesives, several non-functionilfg tactile

sensors were fabricated and their adhesive properties evaluated. Finally. an

operational tactile sensor was fabricated and inserted into the performance

evaluation equi)ment configuration. where both individual taxel response and the

array response were evaluated.

(Component I'cstiny

i'he evaluation of each fundamental (omponent was used to characterize its

Operation before it was integrated into the filial test. configum ation. The results of

this portion of the test ),rogram include those from the piezoelectric PVDF filn

characterization, the tactile bias circuit Cmalualtion, and the multiplexer circuit

evaluation. Also included are the electrode array IC evaluation results. and the

evaluation results of the tactile sensor piotoboaid, bias circuit, and multiplexer

system.
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Pizoelectric PIVDF Film Chara cterizatio n Results. Concurrent with the
fabrication of the tactile sensor IC, tile piezoelectric PVDF film was characterized

to determine its polarity. The surface of the piezoelectric filn which develops a

positive charge when contacted with an externally applied force was determined, to

ensure proper operation of the in situ amplifiers after attachment of the

piezoelectric film to the surface of the electrode array IC.
To implement this evaluation, a glass microscope slide was placed into the

sputter system (SPI Supplies, SPI Sputter Coater, P. 0. Box 3.12, West Chester, PA

19380). and a 3000 A thick gold film was sputtered onto its surface. Once the small

piece of piezoelectric PVDF film was attached to the slide, the copper tape leads

were connected to the electrometer (Keithlev Instruments. model 617. Cleveland.

Oil 4-1139) as described in Chapter V. Several tests were then l)erformed to

determine the polarity of the film and the effects of a temperature gradient.

To determine the polarity of the film, the first test implemented was to

evaluate the response of the film under the infl ,ence of an externally applied load.

Figure 6.1 illustrates the response of the film, initially biased at 2-V, to a 100 g

load. While this test confirmed the proper polarity of the film, it revealed the

fragility of the test configuration. The performance of the glass microscope slide

configuration tended to decay quite rapidly, as indicated by a xoltage smaller t han

the 2-V level appearing across the filn. This attenuated voltage level was caused

1" poor adhesion of the gold metal to the glass microscope slide surface, and poor
uniformitv of the urethane adhesive. SilcC eacl glass IIici(scbope c0ufigt, t~liu

could typically be utilized for 4 or .5 tests before any film adhesion problems

became ,apparent. 10 glass microscope slide configurations were fabi icated. and

data was collected before the configuration performance degraded.

To experimentally measure the effects of a temlperatume gradient and record a

baseline response of the piezoelectric PVDF film to heat, a heat source was placed

near the film. As discussed in Chapter Iii. the piezoelectric const.ait of the

piezoelectric PVDF film and its pyroelecti ic constant, possess opposite signs.

potentially resulting in charge signal amplifier output ,ignals which do not

necessarily correspond to the amplifier output %%hen simjply a load is applied. The

temperature change resulting from the application of heat. from a soldering iron

(13.5'p) llaced .3 cm from the surface of the PVI)F film produced a negative

voltage response illustrated in Figure 6.2.
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TO evaluate the effects of both thle application of heat and the application of

an externi.l!% appfliedl load, a temiperature gradient and a load were siinultancois

app~lied to thle g~lass microscope slide configuration. The results of a 100 gload and

a 13.5'C templeratulre gradient, are Illustrated in Figure G.3. Unfortunately. a

Voltage geniiat ('( b\ a large temperatu re gradient applliedl to thle completed I at tilt'

senslor, ton1fio iiat ion ( ould p~otentially (hiv e thle floating clectrode potent ial ilegdtkv

and out1 of the 1I;11eai reffion of tilie amp~litier. With thle charge am plif'iei out1put at

Zer'o. no outp~ut Jianges resulting from the application or anl extvinall appjlied load

woul1d be mleas ired. In anl effort to eliinmate 0or mliinmize t em peiatu e gi alielnt. o f

this mnagnitudie. thle test configuration wasb placed within thle pyroelectric effect

minimization chamber. Unfortunately, this chamber was unable to protect tihe

System from exterl-1 variations in temp feratu re.

laclikl S11.101' B1iui$ Ciircuil EValuation. The tattie Sensor bias circuit wvas

dlesigned to 11pply a uniformn %oltage to dhe clectrode array and thle piezoelectric



PVDF film, and then to disengage itself from tile taxel array. To perform this

function, each reed switch in the circuit must posbess a high off-impedance as well

as a low on-impedance. Therefore. the impedance of each reed switch was

measured using the electrometer configured with a 70-V bias voltage. Four

measurements of the 64 reed switches indicated an average off-impedance of

2.0.5 x 1013 Q and an average on-impedance of 0.1 Q. Over the course of this entire

research effort, several sul)sequent measurements of the reed switches were

performed. If the off-impedance of one of the reed switches fell below 1012 Q. it was

replaced with a new switch.

To simultaneously switch tile high impedance switches from an off-state to an

on-state, a signal switcher (\V\avetek. Inc.. \Vavetek Programmable Signal Switcher.

model 604, 904.5 3alboa Ave.. San Diego. CA 92123) was connected to the reed

switch control line. This allowed immediate switching of the reed switch control

line using a single switch button. If the reed switch control line was biased to a

level larger than the switch threshold level of 3.5-V, then the reed switches turned

on, and if the control line was biased to a level less than 3.5-V. the reed switches

turned off.

To determine the timing characteristics of the switch, the high impedance

switch was configured with an input bias voltage of .5-V. To simulate the capacitive

load of the piezoelectric PVDF film over the tactile sensor electrode, a 4 pF

capacitor was inserted into the protoboard (E&d' Instruments. Inc.. Elite-I Circuit

Design System. New Haven. CT 06-512). amid the thting response recorded.

However, due to parasitic capacitances within the protoboard, tile response of a

switch with a I pF capacitive load was identical to the response of a switch without

any capacitive load. Therefore. in an effort to produce an out)ut which was

different from the no load response. a 165 p1 capacitor was chosen. The

characteristic worst-case response lime is disl)la.ed in Figure 6.A. indicating a

0. ins decay time constant.

.IhliplexcI. Circu il Evalualion. The fmnction of the multiplexer circuit was

to convert simultaneous voltage outpuls from the tactile sensor IC into a serial

stream of information which was displayed on the digital storage oscilloscope. To

ensure that the multiplexer utilized in this research efrort would pass tie data

unaffected from its inpu, to its out i)at.. at a-umfficient speed to sample the entire
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Figure 6A-. Arithmetic Average Timec Response Of 10 High Impedance Reed
Switches.

array l6efore the state of the array changcd a, rangofolaevue corre.sponding

to the ouitput of the cha rgce signal amplifier linear region was usedl. Addlifioiially.

the clock freqiuency was varied over a range spanning .500 Ilz to 100 kIlz. A\s an

example of dat extracted during this testing phase. Figure 6.5 lillustrateN thle

rcspon!se of thie multiplexer to a 5.S V I mp--t olgeapplied direcLy% to the input-,

of the multiplexer ICs. No adverse operating affects (for example. abnormally kugi-
switchinig :.inmes) could be discernted.

Hcc-drodc A rray bileyralcd Chrcui! Evaluation. When thle electrode array
inte-iatedl circuit. was received fr-om MOSIS. ati extensive visual inspection of tie(

I( using, ami optical inicroscole concluded that no fabrication defects "~ere ~iiV

Next. tihe DC' resistance between the gold bond pad~s of the IC measured with the

ele( tronietei confirmed high impedaitc ( 10'' -Ob. andl potentially no lharge Ilae

between the pads. Once this initial device verification was conmplete. an e'~altiatiom,

of the IW components ensued. To illuistratu the phlysical arrangement of thle

electrodes and their correspondingw taxel iiubers. Fif'fure 6.6 is provided.



Inputs Biased to 5.8-V
2_3 10 1 25 4 -5806

0) Inputs
S9 Biased

at ONV

0.

-0 .b04 0.000 0.0012 0.0016 0.602 0.ob24 0.0028 0.0032
Time (s)

Figure 6.5. Multiplexer Circuit Response To A .5.8-V Bias Voltage Input. Applied
At. A 20 kFlz Rate.
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Figure 6.6. Taxel Numbering Scheme.

6-9



Charge Signzal Amplifier Perforimance IResults. To ensure the charge

signal amplifier would perforrin as designed, the two resistors contained iM thle

amp~lifier were measured to determine whether they were fabricated within thle

tolerances specified by MOSIS. Two hundred twenty-four amplifiers onl beven ICs

were characterized, resulting in average resistor values of 7.3-4 kQ and .5.28 kQ for

thle two resistors . Subsequently, the resistor Iparamneters wvere updated in the

SPICE simulation program, resulting in the exp~ectedcliaracterist-ic transfer

function curve for a 15-V supply bias (Vdd) illustrated in Figure 6.7.

The IC wa-,s then inserted into the tactile sensor lprotohoardl, and a sup)plY
Voltage (VI(1) applied (Hewlett-Packard Co., Power- SuIply, model 1-11"620-513. :315.5

Porter D~r.. Palo Alto. CA 9-4304). A IKeithley elect romneter (mnodel 617) provided at

bias voltag~e. which sp~anned 0-V to 20-V in 0.5-V steps. to thle injl)tit of at raii(omnl.

selected amp~lifier. SimultaneoulybI, the electrometer measured thle output Of his*

amlif Iier. Several amnplifiers were tested using different Vd(I values spanniin- 10-V

to 20-V. in 2-V increments. To p~rodutce at measured charge signal amplifici transfiei

function curve for each Vdd, 11 measured transfer function responses were
arithmetically averagyed. The resulting transfer function curve for a 15-V Vdd is

illustrated in Figure 6.8. Unfortunately, the measured operating performance of

the imi)lifier was not acceptal I, b~ecause the range of output voltages was not as

large as expected. To find a supply voltage which p~rodlucedl a ranige of Output

volt ages simiilar to thle SPlICE simlulatedi implifier outp~ut riange- , V&k wws reduced

i ucremnentallY. A- -I- V Vd(I resulted in amplifiers which perform similair to tile

SPICE simulated circuit. Figure 6.9 and 6.10 present the expected transfer

funiction calcuilated by Sl31CE for al 1-1-V Vdd( and the mneasured charge signal
ampIli fiei transfer lunction, respectively.

In an effort ,o determine the minimui input voltage vairiation (leected onl

hie oultpult. thle linear region of' the amplifier was analyzed. Thie measured linledi

[V~Om1n of the alipllifier. when operating withi a 1--V \'(I, spanned 2.3-V to 7-V. The
0olin Over tis regionl averaged 0.98. so at a 0.1-V chiange ii the input volt age would

cause,4 a 0.098-V, ch-ange on thle oult)Lut. The gain of the amplifier was less than the

ecx (t ed pin (leri-yed from the SPICE ainalvs,. however, an extended linear region

resulting from using this V~l level was desired. Using the IKeithlev electrometer

(model 617). a voltage was app)lied to the input of the charge signal amplifier. Th'e(

ouit puit signal wat" also imeasured using thme electrometer. Thme simallest det-ectable
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output, signal was a 0.041-V change in the in put. level, corresponding to a 0.04-V

change in the output level. If thle operating point, of the amp~lifier wvas belowv the

linear region of the amplifier. Lte gain dropped from 0.8 at the 2-V input level to

0.003 at. the 0. -V input level. For anl input above the linear' region of the amplifier.

the gain drops from 0.8 at the 7.5-V inlpult level to 0.1 at. the 14-V inp~ut, level.
C'onseqnen~ltly. aVchana~e in inuvlaewsextremely difficult. to detect and

record.

Charge Signal .4inplificr Problem. Whifle operating the electrode array

IC ovet time, a lphenomenon de,,elopecl which manifested itself as one or more
..stuCl( olitputs. A-lways initially occurring onl the same taxel anlplifier ottpnt

(taxel number 419). the outputs were e-,ithier stuck at ground. or stuck at V&1(.
Figutre 6. 11 illustrates each taxel outlput when a new tactile senlsor IC, with no

piezoelecti ic filmn attached. \va.s inserted into the tactile seso protooard and the

ijuts biased to :3-V. Figure 6.12 relplesents the same IC after more than 12 hours

of operation with a, 14-VVkt To determine thle cause of this lphenonlenon, the

impedance was measured between svrlpoints on thle charge signal amplifier

(Figure 6.1.3 piovides a, schemnatic representation of the nicasurernent locations).

For anl amlplifier withi its output stuck (a V(1,1, two causes were found. In the

Fit st case(. im1pedence nmeasuremeiits, between the alumiiium elect iode and the

intermediate test. prolbe pad indicated a reduction in value wvith respect to time.

Initialkx. the res istance between the electrode gate and the test. probe) pad located

Withil the amplifHer Measub~red > 10"' Q. a-, expected. However. after several houm.

this, resistance slowvly decreased (aN time increa-sed) to less than 200 Q. Apparent I>

tis shot t ing effect between the electi ode anid the intermediate amplifier iocle
auILsed tlie electrode to be lbiased at a level diffeCrent from Lte external lias level.

This manifested itself a-s a "stuIck-higlr outpJut.. lit the secondl case. impedance
ineasul enients between the ink-tet' Iiatc liiue and grolind iid i a tedl tliattI Ule di ,61

of thle amplifier first, MOS FETl wa,, shot ted to poioud, which dlbo miaiifested itsell

,as a *stuck-higli- output. For charpe amplifiers whose oiitIuts Wer stuck at

ground. the inpedlance mca.suremnctt butween the otput and ground confirmed

thle drain of thle second IMOSFET was shorted to ground. resulting- in thle
..stuck-low" output.

To dletermine whether the 1-I-V \(I was an excessive sup~ply voltage which

amised the MO ['sto b)1 akdown. M'\ ema I adldi tional tests were performed~ onl a

6- 1:3
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Figure 6.11. Output 0Of A New (< I Hour U.Se) Tactile Sensor IC Without The
Piezoelectric PVDF Film Attached.
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Figure 6.12. Outpu1t Of A T' ctile .Sen.9sr IC \kit hout The Piezoelectric PVDF" Filiin
After 12 Hours Of' Operationl.
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Flaure 6.1:3. Schem atic Represenia t ion 0 E'Ihe Signal Charge A mplifier 'lest Pi olw
Pad Locations.
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new IC. The V11 was incrementally varied from 10-V to 14- in 1-V steps. For each

valuIc Of V&Jj, all Of tile chIge- bignailal )iier ou~tpuLtS were monitored and recorded

during a :36 hour period. The evaluation results indicated that a V~kI of L0OX, i i-V.

and 12-V did not danage the MOSI"ETs within this period of time. However, for a

V(,I above 12-V. thle MIOSFET breakdown problem imanifestedi itself. One

contrilbuting factor could have b~een the size of the MOSFETs used in this effort.
Thiese MOSIFEns were designied using minimium feature size, and a. p~hysically larger

amliplifier possessing similar cliaiacteristic.s could potenltially resolve this problem.

Tact ile S lsor Pi'oloboa rd. IBias Circuit. (vLU HIAultipkxc r SysteCm Evaluation Rc, vl1.

Before an operational sensor was inisertedl into the tactile Sensor evaluation

configuration, thle *ystenise to suppoit. the benboi op~eration was cliaiacterized.

This evaluation consisted of integrating thiee comlponents: thle bias circuit. thle

multiplexer, the tactile sensvi lplotoboard. and the electrode array IC (without the

p~iezoelectric PVDF film attached). The tactile sensor lprotoboard was connected to

tHie bias circuit and multiple.xei circuit via. :3 foot long rib~bon cables. These tests

were dles),necl to evaluate whether ainy si-inal dlegradlation occurred when thle

systemn integration wa-s implemented. Figure 6.14 Illustrates a. schemnatic

relpresentation of the system confil-urat-ion.

The initial testA performed iii thbis evaluation p~hase verified whether the reed

switchies possessed mimilar characteristics after thle integration step. TO i mplemenit

the test. a 16.5 pF capaiLto wa1s Iinserted ini the fprotolboard lbetween an input line

and ground. and the .esponbe wa_ iiieasuircc and~ cumlpared to the initial reed

switch tests. The \Vavetek Signal Switcher produced at voltage transient. onl the

reed switch Control line (illtist rated in Figure 6.15) which cau.,ec thle reed switch

out l~tut to fluctuate. FRe11( 6. 16 illustiatc.s a t-i alisient voltage p)eak which afpeaied

after the reed swkitch was ur-ned off'. Thie ii(dit ional cap~acitance clueC to th1e long1

ribbon cables connecting t he tad ile W~iisot Jprotoboard an1(die reed Switch bias5

circuit could hamve p~otenltially hield this large voltage peak at at high level. bia.sizig

thle operational tactile sensor electrode to an unknown value. TO eliiunae this

peak. the \,Vavetek signal switcher was removed. A voltage source was connected to

hie reed Switch control line, and the oltaae level control knob was used to switch

tihe reod switches simultaneously iising their thref-liolcl voltage (.3.5-V) as the

switching point. Figure 6.17 iIluistrat es their characteristic response.
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Digital Storage Oscilloscope

to hePdisplayed

Figre6.4.Schaic Ofeheeia Switch Netwr.Te Mllxrn h

Tactile Sensor Protoboarci System Evaltuation Con figurationl.

NexNt. thle multiplexer output response was measured over a frequencY range

SlIligll~l :3.55 IN to 1-1 klz with1 input voltages Spanningl~ IN to IA1-V ap~plied1

dj'c vto the test protoboard. The responsn over thlis rng iflutst ates a reclurt iou

inl multilplexelr performance when compared to the initial mult iplexer te.- s. anl it

%wascase b% the addition of the long' ribbon cables to the system. Figure 6.1$

illusi rates a sample multiplexed otut, while the mlult-iplexei' was Clocked at

14.2 kl-z. The results showed that the switching t1ie from a ighi level to a low

level increased. Consequently. I hle Multiplexer waI.s oper'ated at a lower lreqizencx.

To verifv whether this deg'radation would l)Otentiall\. afFec(t the imultiplexed

tactile senusor on tput., and to determi ine an adccjimate operatIing dlock fiIti uic\ Ibm

the system. anelect rode array IC %vithn izdni VFfl tahdw-

inserted into the tactile sensor protoboard. The Micromanipulator prIobe station

Was Used to apply aL voltage bias (spanning 0-V t~o 1--V) directly to anl electrode, inl

anl eifort to slimulate the voltage generated by the application of a load. The

individual ta,.xel outp~ut was then multiplexed over a range of frecItuencies sp)anninlg

160 M*1 to 10.4 k lix. and t-he rise andl( fall time., of thle taxel out put. were nleasilrecl.
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Figure 6.1.5. ThieOutpt tOf Thle Wavtetelk S(inl SwitchierConnectccilTo The ReedI
Switch Control Line.

12-

10 ..... ----------------------------------------------------------

0 21. .........----.------------------------------------------------

4%02 0.0003 0.0008 0.0013 0.0018
Time (s)

hire 6.16. R~eed Swit ch (iiaractewic i R esponse Possessing A Large Volt aze
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FIiure 6. 17. Reed Switch Characteristic Response After Tile W-avetek Sig~nal
Switcher Used TPo Swit-ch All The Reed Switches Simultaneously Was
Removedl.

Figure 6.19 Illustrates the multiplexed output of taxel numlber I I b~iased at. 5-V.

with the nultillexer clocked at :320 Hlz. 1-nder dhese test conditions. the

mu1tll iplexer p)ossessed I aCharacteristic ri-se litle of 11 /is and a fall imle of 140 ps

for all frequencies. Since the mu~ltilexer could operate between .500 lz and 2 k1

without significant Inp~ut t~o Output sinldegradation, a cmpomse between

speed of the inultiplexed output and width of each individual input signal

,-ontamued lin dhe ox erall output signalil stre-aml resulted inl an optimumlil operating

frequency of 1.28 k Hlz. This allowed all 6-4 t axels to l)c displayed onl the digit al

Storag'e oscilloscope at onie time. with each Inp~ut signal posse ssing a 7,81 Iv wit I.

[he a rrav was scan ned everv 50 Ills. M hich was tufficient lim1e to sami~ple thle arm dX

before its surface potential state changed.

The final test perfornied Ii the support coniIponent, evaluation lpliabe consist (ed

of an electrode crosstalk evaluation. A\ voltage bias was applied directly to a taxel

onl the electrode ar-ray IC us5ing the 1i( ronianipulator probe station. This volt~i-'

b~ias spainned 0- V to i4-\. The inuliilh'xv(I ouitput revealed crosstalk betw(Peii

taxels Ml ose Signal lilies were place('- next to each other. Ani example of Ithe laxel
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Figure 6.20. Crosstalk Of Thle Nearest-Nciilhbor Taxels When A 6.21-V Bias Was,
Applied To Taxel 'Nu nber 2T.

outpjilts is diisplayedl in Figure 6.20. Becauise the crosstalk bet ween tax.els was noi

lef-eriedl until the electrode azrray WC i inserted into the equipmtent cotzfivirattonl.

crosstalk was determined to be inlherent in the WC layout. The crosstLalk values

dieended oni the locationi of Lt twxc an itu zt associati-d sigisal iiZw 1-01st zu!. 'U-lse

reslits of the nearest -iwighbor output vo: a-ee resj)onses, inditate a rangr froin 20r;

to 6TI7 of the applied voltage aleon tit, neighboring taxel.

In an elffort, v9 ind a rol 1:1st di e .ftt allimzhin the piireldtct c lPV 1W

filtin to the siirfacc of t he WC. hus sl-i~swere used to fabricate M0

non-~functioning tactile sensors. The ad lti.yies us:ed wvere Urethane

M1iller-Stephenson Chemical Co.. Frei bane (MS 470;.22) Aerosol. George

Washim-ton Ilidhwav. Datibinrv. CT, tJ1 I Mi. jpolvinitle (A NIO(0 ( Iernical C o..

200 E. Randolph Dr.. Chicago. It, tjijoll i. mid a plastic dilcri c tLoc; ite

Corporat ion. Locilte Tak Pak number 75,6A'21. Newington. CT 061!! I). To oido



a sanio~e sihe stifTiciejitly large t~o dlraw~ conicluisions conicernting the adliesive's

proxper'ties. t-h ie senlsors were fabricated ii'oi th W i~ueha ne. dim re [roni the

p)01 i niide. and foui Boi the Ilastic (lielectic, (each fabricatedI using the adhesi\e

storedl at dIifferent. teinper)Cr~.iies).

Ihelu urrt'ine and polviinide adhhesives possessed siinilai' physical adhesive

prop)Ier'ties, For exampt[le conformatil electmode coverage ovei the entire array

(Figure Gilt1) and aclccjate edge adhsion. On the other hiaul, at roomn

temperature. the Locttc tended to cure exti eizelv last. Wei pjwr) ap)J)icaioi of'

force from the comnpr'essioni sanld"W h cd''"fguiatioii could be ii-i c in ted. s Iti

iii po00r adhtesioni. In an efrort to change the cure timle or the adhei \ e. duiice oQlwi

a tf nipt s wer'e niadle to ha )Iicae- it selior iliing Ii his adhesiv stored at thlwie

diff'erent temiperatures. One sensor was fa bricated usi ngthle tdllicsi \e stored at

- M %5" one was fab~ricated using the adlhesive stored at --81 and one was

[a bri ate1 using the WdhWiv stored at io~~( r.he oly, relati velyV successful sensor

fabricated w~as thle one wvhiclh used thie adhesive stored at -8"(. A siaI I portioii of

heu electrode arriay possessed conformnal coverage (illustrated in Figure'( 6.21';

however. the filin samlple did not adhere to mnost of the array, and one of the

corners did not ad here properily.

'hese 1 0 mienors were iion i bred for a perkio or' two nw10111 s to record ani

deviat-ions an it( l(hWLs wichW occuI'iedl onv time. Ut a ppeared that. Ito visible

dc'grad ation of' the adhlesik 'Im popert-ies for aiiy or thle ad li( sixe "alipics dcewlope

(In ing thIiis peiod of' tillme. A ppenidix (; conta(ills several phot01ograph c)15llipal iip

I lie initijal and fiiial conditionls of mseisi lmicated with uiethane. pok irnide, and

iAwe a n operational tactile sensor "xas fa brica tedl it" 1)ei'hori'itn id was

VVxdahi~tcdillii two phases. iiR huding (liscric e Iaxcl iespouse \ eI'ii( at io tests, anid the

eva lumation of the eiitirie taxel array i('sj)o~ase tests. Also jperforined wvas a

conmparmison of the electrical characteristics iesulting fromn the polyinmide a-nli

iire ha ne adIhesivyes (the Loch/lc raiilidaw cl id not prod ice a functional tacti Ic

scnsor). Addi iotialV, lie tactie senisr K( itltiple cii'cuit, bias c'ircuit, a"ii~

I(est. probe were pl1aced ini the py'roee' iw efet s lili l i zatlion chit n iber.
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Figure 6.21. Examiple Of The Conformal C'o er-age Existing Over The Entire Elec-
trc'de ArvUing The Urethane Adhesive (75 X )
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Figure 6.23. OULItpu Of A Charge Signal Amplifier When A 13.5 g Load Was Re-
lpeateclly Applied T.o A Discrete Electrode.

Ifl(IVIiual laxci V erification. To measure the reCsponse of anl individual taxel.

-I load was p~lacedl oil a single taxel usilig the Nicroniipulator1 probe station.

Fignre 6.23 illustrates the output of the cliaige signal amiplifier when thle load w&.5

epe)atedll 4pplied to thle taXel.I Csine" t !ieSe esrmns thle senlsor. IbanlVidl

could be deterinled. The taxel electrode re~lponse from the, unloaded state to a

loaded state indicaed a, landlwjdth of 2.5 IN (0.0-1 s rise time). and the loaded to

unloadled state bandwidth of 20 lHz (0.0.5 -s fall Limie). Inl anl effort to determne ille

relationship between the extei iiallk applied loa~d v% eight. anid the coi respondingo

chang'e inl output IVoltage values, the weight of' the( appllied load was va iled from

0.8 - to 1:3.5 g. The load weighit and its corres-ponding change inl output volt age of

the taxel wats then plotted. Figure 6.2-! Illustrates the voltage versus load

functional relationship. Using a lineauII' lat SdjUares curve fitting routine, thle

resulting line po5ssse a slop~e of 2 rnV\-/g. To adequately resolve weight

inr-ements. thle change in outp1 ilt voltage dute to a load miust be greater thanl the(

change inl output voltage duie tLo noise wit.huini e system. The amiplifier

j)eIrol~ariace evaluation revealed that wil ile operat ing( inl the li near region oh I he

6.2.1
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Figurie 6.24. ('haradters! \ Volt a,, \Qsum Load ]:uncional Relation.-hilj For Th,
Tactile sensor.
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amplllifier, the sensor, iud supporting equipment configuration allows rellialle

de~tectioni of at 0.041-V increment. Since the sensor possesses a voltage versuIs load

funct ion slope of 2 niV/g, this 0.04-V increment corresponded to a weight change

of 20 g. Any weight increment less than 20 gcould not be relialy detected.

To determine hiow long the sensor would operate b~efore the electrodle array

required re-hi asing. several long- term taxel response tests were pet formed. \Vhile

each taxel possesses an average charge decay with respcct to time of approximately

.50 s. the taxel. response tests Indicated that not all of the charge dissipated after

this charactei istic time. These tests revealed the albility of the sensot to maintain

suf icient. charge over an extended p~eriod of' time to generate rep~eatable load

responsecs (mnaximum of 200 seconds). Figure 6.2.5 Illustrates the outp~ut when a

load is, applied, and demonstrates that. thle chanige in voltage clue to the alpllicatioii

of the load remains conbtant over the length of the test. However. mninute dian-es

in temperatuLre and slow charge leakage aciobs the( array changed the initial state of

the sensor surface, and it caused the sensoi to require re-biasing just b~efore any

measurement wvas made.

Next. crossta-,lk between taxels was evaluated for eatch of the adhiesives utilized

in fabricating the tactile sensor. The urethane adhesive p~ossessed crosstalk

b~etween 3.~and 7.-)7( of the nearest-neighbor voltage valute, while the j)olvimidC

adlhesive exhibited at larger couling (bet ween 10%X and tq0%). This indicates an

increase of 10',"t oke ei the inherent 1C crosstalk for a tactile sensoISr util!izing the(

u i lianle adhlesive, and ain inci case of 15',,/ for tactile sensor fabricated usingv the

j)olvinide adhlesiVe.

Te'u4 Ar ray EValulhon. 'The final evaluation p)erformed consisted of p~lacinlg

e\i uload sha pes onto thle "uItl-acc ol ie t a hIc sensoi W . and1( det ermiiing it' tIit(,

Cot responding ouitput response as lindiciat% e ol the shape and weight of tile load

applied. Several load Shapes were filted to tie( lest load fixtn re. and the high

im pedlance ibia-s net work was switched onl. biasinlg the elect rodle ariray to anl

Opel at mug. point at, thle lower end of tHec chlarge signal amplifiet linear reg Ion. Next.

thle bias net work was switched off. ancd sufflicient time wvas allowed for thle systei td)

equlilibrate. Whenvi a taxel wa-s not Lindler thle influence of crosstalk, the

(o1 resjpoidling taXCe litIptt exhibited (tn e'xponenltial decay of app~roximlately 30 S:

howevet . when ctosstalk exist-ed bet x~eevi two I axels. thle nearest-neighbor I axel

t)-26
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outp)ut increased to a stab~le bias voltage other than thle externall'y aplied bias

voltage applied. but still within the linear region of' thle amp~lifier. Sinlce thle

ampliflers were linear for Input. levels between 2).5-V and( 7A-V. the taxels which wvere

affected by the crosstalk did 11ot stiffer performance (tegradlation. A jpre-Ioad

measurement was recorded. A. load was applied to the surface of the sensor. and a

loaded-state measurement of the sensol (dectrodc array was recorded. F inally, when

tile load was removed, a post-load measurement was recorded. To illustrate this

process, the results of a smnall circularly shaped load ap~plied to the surface of the

tactile sensor will be p~resented. The aplhication of the small circle resulted inl thle

lpre-load. load, and post-load measurements com~lied lin Figuies 6.26. 6.27. 6.28.
and 6.29.
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--- --- --- -- I - --- --- --- --- * --- --- --- --- --- --- --- -- - IPre-load i

------------------ ------------ ------ [~~

(0

LI -- -----
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Taxel Number

Figure 6.26. Pre-load. Load. And Post-load Measutremnents Of A 100 gSmall Circle
Shape Load (Taxel 1- 16 Responses Are Shown).

9-------------------*--------------------------------------- Pre-o0ad

-------------- I--------------------------------------- Loadi

7 ------------------------------------------------------------------------ s-oad

5 4 --- - . .-..-. --- ---

_ 1718 1920 2122 23 2425 2627 2829 30 3132
Taxel Number

Vigiire 6i.2-7. lyre-load. Load. Anl Post-load Measuremients Of A 100,,g Small ( ireI
Shape Load (TIaxeli 17-32 Responses Are Shown).
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33 33536 37 38 39 4 0 41 4 '2 43 44 45 46 47 48
Taxel Number

F-iguire 6.28. lPre-load, Load. Andic Post-load Measuremnits Of A 100 gSmall Circle
Sh-ape Load (Taxel :33-48S Responses At-( Shown).

Sr---- -------------- -------------------------- Po-loadM i
ft---- -------------------------------------------- Loadi

------------ ---------------------------------- =

0 5 ------

-I

49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 W.
Taxel Number

6izme(.29. Pre-load. Load. A nd l"oq -kad Meaisu enenk Of A 101) (1, Smnall C ircle

Shape Loadc (1 axel 19-6.-I Iesp)'hI1es Are Shown).
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IFigure 6.30. Shape Information For The Small Circle Applied To The Uppei Right
Hland, Corner Of The Electrode Array.

From these pre-load. load. and jpost-load mea-suremients. Shapes could

potl entially be discerned by using the algorithmi provided III Chapter V. The first

steplII in te algorithml result's inl thle halgei ouput voltalge level for at givenl axel.
re;,,l( 6.30J ill ist rtes hie results after applying a 1100 g siall clircularly lha ped

toad to het( suirf-ace of the taictile sensor. ant hmerviicailvy iveraging lhe pre- ;tlil

po:si load ii easu I'c elltb, and rbtatitle thle residlt ft oiu thle load mneasuIremenlt -

Iet.he axel responbes wer mpped I') iheit corresponlding- locationls Ill all , x

alTMat gl nent . prodliucing" a t re-lrit~oilplot (if t(lie dlata. Several equiputeni ial

Conitoit" were aalyzed tising, the, cuiit eria pr otiled Ii Chlalt V to deiterinle ill

lbe.,t -it;' conitour1 colres1)ond i n to : hev :rtape of heli apliedl load. Onl a

Iwo -dii ensionial i xN Sar-ra% d iagzu,1. Ii he tax>ek, wit ht poL)sv:,e oli put t espl'Athc

alijove this *%es.-lI Cth1resnhold level w'-re dk'plaved a:% black. ;Ind .te t axel" -o

this threshold etipot cut al were (lisplaiyef as while.

To (lenionzitrate the ability of fikh sensor to detect shapes. dile filrre-

p)rovided onl Ihle following pages illitst ratthe Il(-ensoi S- lespoluses to at sharp edev.

small- square. a, m~iall rircle, at polygon, a -lo, ted screw,. a cross-slotted screw. a

latv reSolid cit cle. and aI I oroid. Fach "hapt- ik pre~ezii ed ising three hi utre': thev



Table 65.. Optimium Threshold Levels For Each Load Shape.rShape iresimol Level (v)

Sharp Edge 0.-1

Small Circle 0.7
Polygon 0.

Slotted Screw 0.51
Cross-Slotted Screw 0.5
Lare Solid Circle 0.
Toroicl 0.5

thiree-dimnsionial lot. tilhe C0oa1touir lot. aliid lle threshold plot. The plots er

goenlerated aprograml calrled MafIu Ifltrc a samp~le data file and prtogi ain Is

included Ili Appen~ix 1. The dhreshold atilvsis resltS areC provide~d Ii Tab~le 6.1.

indicaing~ thle threshold level which corresponds to thle Contour level that

--best-fits" the shape of thle applied load. The smallest feature size of all of i e

shatpes was the shairp edge measuring 700pmn wide. and it was easily detect-ed 1).

the sensor (Figure 6.31) However. Ohe senlsor s abilityl to resolve the sepal at lon

dist ance betweenl two point, wvas evalnat el using Ii he screw shiaped load.

SlicC(essftliv (list 111inihi2 the 1.5 min x%ide featuire (Figure 6.43 illustrates, hoi
well ilhe I act le Sens"or Could reMolve this distance). Figures 6.55 through 6.6i3

le-monst rate ihe Increased crosstalk d:;e : o he adh'esive. A ppundix .i

ipro ides5 (onitoil anid t hresho1ld lots01 which helped determline thle "best -li Cnit

anld Ii re.hold plIot:s contained inl this ( iapter. Appendix 1K contains plot, of OW

sharp 1ed.ge. ill1 sq(Judrv. smlall cin me. and polygonl applied to theif ,u rfacv of tilie

tactile sensor iusing 75 5. 0 .anid 101 - weighted shapes. Ad\rdit ionally. .\ppeidi:, 1.

Cout ai us dlata for t ie II g. 'hlpn ia ii 'qitawt. a ndl miai I circle when tlwt. were

appl ied to different locations onl i le '1u rface of thelt iril VSensor.
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F2iguic 6.:34. i'hree-Dimensional Representation Between A Small Square Shaped
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(Corresponds To The Normualized lDiffer'ence Between Thno no
Loaded And I 'niloaded States. And The x- And ,-Axes C orrespond
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Figure 1).37. Three-Dimensional Represent.Gaion Of A Small Crcularly Shapd
Load Applied 'o The Surface Of The Electrode Arrav. The z-A,-
'orresponds To The Normalized l)ifference Between The Sen.or'-

Loaded And Inloaded St.ales. And The x- And y-Axes ('oir,,.poII
To Th lectrode (oluinns And IRows. IMespectivelv.
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Fio,rc 6.50. 0.5-V Ecquipotential (onlour Plot For A 100 g Large Solid CirlarlyI
Shaped Load Applied TFo The Surface Of The Electrode Array.
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Taxeis With An Output Level Above This Threshold Level Are

D~isplayed A\s Black And Wxh~\itlh An Output Level Below This
Threshold Level Are Dsplaved As White.
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Figure 6.53. 0.5-V Equipotenial (,ntomur PIot For A 100 g Toroid Shaped Load
Applied To The Surface Of Tie Electrode Array.
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Figure 6..5,. 0.5-V Threshold Plot OF A 100 g Toroid Shaped Load -Taxels With
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Anrd Taxels VWith An Outl)ut Level Below This T'hreshold Level Are-
Displayed As White.
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Figure 6.55. Three-Diznensional Represent~ation Of A Sharp Edge Shaped Load Ap-
plied To The Surface Of The Electrode Array. The z-Axis Corresponds
To The Normalized Difference lBet.ween Trhe Sensor's Loaded And Unl-
loaded.States. And The x- Arid y'-Axes Correspond To Tihe Eleftrode
Column-, And Rows. Respect ivelv -~ The Sensor WaV~s Fabricated Usina
A IPolvrnicle *\dlicesivo.
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Figure 6.56. 0.58-V Equipotential Contour Plot Foi A 100 g Sharp Edge Shaped
Load Applied To The Surface Of The Electrode Array - The Sensor
\Vas Fabricated Usiiig A Polvimide Adhesive.
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Figure 6.57. 0.58-V Threshold Plot Of A 100 g Sharp Edge Shaped Load - Taxels
With An Output Level Above This Threshold Level Are Displayed
As Black And Taxels With An Output Level Below This Threshold
Level Are Displayed As White = The Sensor Was Fabricated Using A
Polvimide Adhesi :e.
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Fioure 6.58. Three- Dimensional Representation Of A Small Square Shaped Load
Applied To The Surface Of The Electrode Array. The z-Axis Corre-
sponds To The Normalized Difference Between The Sensor's Loaded
And Unloaded Staes. And The x- And v-Axes Correspond To The
Electrode Columns And Rows. Respectively -The.Sensor W~as Fabri-
cat ed I si na A Pol vinmide Adhesive.

6-60



C, I

S I -

7-.

8- 57. 64

2 3 4 3 6 7 8

Taxel Column

Figure 6.59. 0.513-V Equipotential Contour Plot For A 100 g Small Square Shaped
Load Applied To The Surface Of The Electrode Array -The Sensor
\\as Fabricated Using A Polvimide Adhesive.
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Figure 6.60. 0.55-V Threshold Plot Of A 100 g Small Square Shaped Load - Taxels
With An Output Level Above This Threshold Level Are Displayed
As Black And Taxels With An Output Level Below This Threshold
Level Are Displayed As White - The Sensor Was Fabricated Using A
Polyirniile Adhesive.
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Figure 6.62. 0.8-V Ecjuipoucittial Contour Plot~ For A 100 gSmnall Circularly Shaped
Load Applied To~ The Surface Of The Electrode Array - The Sensor
Was Fabricated Using A lPolyiide Adhesive.
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Figure 6.63. 0.8-V Threshold Plot. Of A 100 g Small Circularly Shaped Load -Tax-
els With An OUtpUt Level Above This Threshold Level Are Displayed
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Conclusion

This chapter compiled tile results of the tactile sensor research effort and

presented them in a chronological foi mInt beginning with the components of the

system, and progressing to the final tactile sensor test configuration. The analysis

indicates how each component's performance affected the overall tactile sensor's

performance. The progression of testing resulted in the establishment of successful

operation of the bias switch circuit. and the ability to establish an operating point

for the multiplexer at 1.28 kHz. Initial IC performance tests indicated that the

amplifier possessed a gain of 0.98. slightly less than expected SPICE analysis

indicated: however. a large linear iW'6iu0 resulting fron the power hupply voltage

used was desired. Crosstalk effects inherent in the electrode array IC vete

discovered and indicated nearest-neighbor taxel responses which span 20% to 677

of the active taxel's voltage magnitude. The adhesive study revealed that fast

curing adhesives do not possess the pl)el)C chairacteristics for fabricating a tactile

sensor piezoelectric PVDF film on a. silicon IC. Tactile sensor electrode tests

indicated a linear load versus voltage slope (gradient) of 2 mV/g, a weight

resolution of 20 g, and a maximum bandwidth of 2.5 Hz. They also indicate a I0%

enhancement of the crosstalk effects using a umethane adhesive, and an increase of

I .5,k ui the ,olvimide adhesive. F:ally. after using ,a shape detection algorithm.

the taxel array tests conclusielk shoxk that the shape of the load in contact with

the surface of tihe sensor was detected % itdh a maximum resolution of' 700 yim.
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VII. Concusions and Recommendation.s

Conclusions

The goal of this research effort was to design, fabricate, and characterize a

tactile sensor system consisting of a tactile sensor C. an external high impedance

switch circuit, and an external multillexing circuit. In order to accomplish this

objective, a hardware design and fabrication process was implemented along with a

logical test methodology. The hardware included an electrode array IC containing

an 8 x 8 array of equally spaced aluminum electrodes, and 64 high impedance input

MOSFET am plifiers. Also included were supporting component hardware

consisting of a high impedance iced switch network aad a rriultiplex,,r circuit both

realized from commercially available components. The test methodology dceloped

ensured that any problems associated with either the supporting component

•hardware or the integrated circuit could be identified early in the testing phase.

and their effects could be accounted for.

This research was successful in designing, fabricating, and characterizing .'.e

performance of the entire tactile sensor system. The fabricated IC, included in ilu

charge signal amplifiers which I)osscssec a gain of 0.98 and a linear region from

2.5-V to 7-V. Also. charge leakage between input and output pads was not

detected. Pyroelectric effects on the piezoelectric PVDF film were investigated:

however, the Pyroelectric Minimization Chamber did not reduce variations in

temperature. An external high impedance (10" Q) switch network resulted in the

ability to bias the entire electrode array structure and attached piezoelecttic PVDIF

film to a uniform initial condition. Additionally. the external nultiplexer cii cuit

enabled sampling of the array without degradation of any taxel charge signal. The

response of' the tactile sensor fabricated using a .10 pm thick square piece of the

piezoelectric PVDF film indicated linearity bet.ween 0.8 g and 135 g. an

incremental weight resolution of 20 g. and maximum bandwidth of 23 iz. U.sing a

shape detection procedure consisting of a mathematical m,,.ipulai;on of pre-load.

load. and post-load measurements of the tactile sensor electrode arrvy, the tactile

sensor could detect the shape of the load in contact with the surface of the tactile

sensor IC with a resolution on the order of 700 pin.
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The considerable crosstalk (between 3.5% and 7.5% resulting fromn the IC

eiVL~ ISign cuMljued With Coup)lin~g effects dlue to adhesives used for fabricating

the tactile sensor) slightly affected the operation of the sensor; however. h,

inform ation could still lbe retriev cd. LUn fort UnIately', the charge signal amplifiers

exhibited bieWkduxx 11 oker tune dlue to the excessive operating power, supply %vol)tage

used to achieve the desired operatig characteristics of the amplifier. A rckduon

inl \"(,,[ to a volt age below 12-V should solve this p~rob~lem.

The adhesive stucky revealed that the urethane adhesive p~ossessed the best

electrical and, physical characteristics when compared to either the polylinide u., tue

LocIith materials. The Lodlit adhIlesive tended to cure too q~uickly. resulting In p)oor

adlhesion and 1tuestionabe physical coupling to the electrode array. While the

j)olyinllide po~ssessed bl)idimi chaimateristics similar to the urethane adhesive. its

electrncal chiarac lelistic.s exhibited an increase Ii taxel crosstalk larger than the

urethane adilesive.

Recommnendat ions

While this effort successfully designed, realized and characterized a fully

functional tactile sensor. there are still advances and changes which dioulcl be

inmlleinented to facilitate attachment of a liezocilectric tactile senlsor to a robot-ic

ma ~li-ii ltor. Five areas shou1-ld b~e considered:

1.Taxel crosstalk inherent in i-he electrode array should be iiivestigatecl. Ini

UIdci( to flly jiiiveStigate the source of this crosstalk. a design si-lnilar to the one

ut ilized inl t his thesis effort should possess two distinct characteristics. One half of

the electrode aii av should route tiic ;iij)Lt nietal lines Ii such a. manner to ensuire

thatm nearest-neighibor electrodo lines routed from the eluctrodtc iiwir

Corresp~onlding anmplifier do0 not lie next to each other. On i1e half of hle airray.

he cdec trode input ,Iinal lines rout ed f'roml t he input bon,! p~ad to thle gate of t he

anliph i [ir should not lie within 25 i of %clih other (Ithe metal hnes in this effort

were !0 lm ap~art). A\ design intoil p0K tiui t-hiese thanges could help detemnine the

source of tihe crossh -.lk prob~lem.

2.The i ncorp~oratIion of anl inl sib.. multiplexer. A fiuncf ional resident

muult iplexer would rei~ethe pin count limitations on tHie number of aluminum

viec t i oes uised .. %iich wou id r ici i iiipro~ e Ohe sensor nmage resoiuition wvhile As)



'Inhlancing the reliability of the WC. Trhis feature would limit ,iie number of bo0nd(

.re!) exp osedi; thusl , reducing the potential for destro in- inp~ut or outp)ut p~aths.

Appendix M\ provideb the design and test app1roach "or a potential candidate for a

future in s~itu multip~lexer.

3. A new charge signal amp~lifier shioull be w _.,'h possesses a

compromise between a large linea. operating regi., ii1 '.rlge gain to facilitate 1-n
iilcredibed load weight response resolution. Tile clesig,. liouldi incoiporate awn

operating SuL)Ply voltage of less than 1.3-V, to inh;I; *flS.2ET destruction.

-1. A mnodified. test load apl)ica',on fi-futre is ~ .~.A m:odification of the

load applicattion device to incorp~orat e microme. er aclj Astrent screws would

facilitateC ldjus'ATment of the tcsi, loaI d vwa in(! faciIi ta~te i nti mate contact. b)etween
thle sur'face of he tactile Senlsor IC and thle t~est load shape. T his modification

; '!~ facilitate full charateti/iati'ui of tile tactile sensor relative to the test load

sl);wes (Figure 7.1).
53. "n investigation into thle l)yioelectric effects should be undertaken. These

efects ; 3 liould IIe minimized to ensure proper characterization of dhe tactile v~itI-Dr
is performed.

These re-omm.iieii~.tionis shiould ; o% ide sig~nificant imp~rovemnent in thle tactlie

-s -,i i sem, anrd they-' could potent i. b facilitate Incorporating die t actile ws('Ioi

IC, Onto a robotic manipilator.
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Appendix A. Materials and Equipment

The folowimg Lalble smu iiarizes the materials used and eqjuipment utilized in

this research effort.

,[alble A.I. MN-aterials And Ecqu~pment.

Solef Polyvinylidene Fluoride Film - 40 /irn thickIThe Solvav America Cornoration
609 5th AVe.
New York. NY 10017 _________

MetaI-oxidle-.seiicoiidluctor- Implementation System (MIOSIS) CIircuits
Universitv of Sout hern Californi~a

dI foruLior ScienCeS hinStitIute
I 1676 Adairalty Way
I Maria Del Rev, CA 9 029 2

i rethane (.MS-470/22)t
M-i 11r-Stephienson Chemical Co.
George WVashiiigion hiiwav
Danbury. CT 06810

Utradel Polvimide Dielectric and Adhiesion Promoter

k MOCO Chemical C'o.
2t)0 E. Randolph 1)r.
I~~~1 (C~OI' 60601

[Plastic Dielectric -Loctite Tak Pak
I!\o. 7586A21)
I LOctite Corpora Lion1

Newington. rT 06111
I \iAX328 Nilitkipleser Chbips

M\aximn Integrated Producrts
120 San Gabriel Dr.
Sunnyvale. CA\ 9-1086

l!ig-h I rn jCdlanre Reed S'vi ic
I Potem~d 13rumi-ielcI Relay Spenil [r. Ic
I LiRaiianRd.

L Onakka 16 NJ 074:136 _ _ _ _ _ _ _ _ _ _ _ _ _ _



Keithley Electomcter, model 617
Keithley Instruments
2877.5 Aurora Rd.
Cleveland, O ,41:39

LeCroy Model 9100\ Digital Oscilloscope
LeCroy Corporation
700 Chestnut Ridge Rd.
Chestnut Ridge. NY 10977

HP 54100A Digital Storage Oscilloscope
Hewlett- Packard Co.
315.5 Porter Dr.
Palo Alto. CA 94:304

Fluke 77/AN Multimeter
John Fluke Manufacturing (o.
Everett, WA 99100

Zenith Z-248 Personal Computer
(with IEEE-488 Interface)

Zenith Data Systems
Ifilltop Rd.
St Joseph. M1 4908.5

IEEE-,t8S Buses
Micromanipulator Model 6200 Microprobe Station

The M icromani pulator Company. Inc.
2801 Arrowhead )r.
Carson City, N. 89701

Micromanipulato," Mlodel -1.50/:360 'M Manipulators (:3)
The Micromanipulat or (ompaily. Inc.
2801 Arrowhead )r.
Carson City. NV 89701

HP620513 Power SUlppiy
Ilewlett-Packard Co.
:31.5.5 Porter Dr.
Palo Alto. CA 9.1301

Pyroelecitric Mi limnization (Chamber
Test Probe Fixwi.re and Weight,
Sensor Protoboard
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H-113314 Function Generator[Hewlett-Packard Co.
:315,5 Porter Dri.
Palo Alto, CA 9.1:30-4

Elite-I Circuit Design System

E & L Instruments, Inc.
70 Fulton Terrace

New Haven. CT 06.512

Decade Voltage Di'lder. Type 6541-A

General Radio Comnpaniy
Cambridge, :MA 0B.5-1

SPI Sputter C2oater
SPI Supplies
P. 0. B ox :3,12
We fst Chester, PA 19:380)

SPI Plasma Prep 11
SPI Supplies
P. 0. Box :342
W, est Chester, PA 19380

V'LSI Computer Aided Design (CAD) Tools

Mlagic Integrated Ci rc ii t. Layout Ed itor

Smutlation Programs. In tegratedl Circuit

Emphasis (SPICE)
Dc-ionizedf Water

Glass M-icroscope Slides
Isopropyl Alcohol

Concentrated (:37(7) 11(1'

Ferric Chloride

ASlcdone Oil

Silver Conductive E poxy

Scalpel

Syringe (:3 cc)
Hleat Source4
Aluminum .1l

Gold
Condlucti ye Copper Ta peI
1-mil Diameter Wire

Ni.rogen Gas

Battery___________________________________________



Appendix B. Test Load Shape Designs

[~I mim radius
t hreaded

4 min -do 6 nIm

5 1111

J____ I

- L _ Conlacts Sensor Surface

0.7 mm

Figure B.I. Slalrp-.dwe Test Load Shape.
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1Fipire 13.2. Smuzte Shape~d T~est Load.
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ContamL Sensor Surfae
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Figulre 13.:3. Solid Circle Test Load Shape.
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Figuire 13.4. Pol won Shapevd Test, Load.
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I £111121

il mm
II

1 i iiid
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Figure 13. -Slot('td Screw 'rest Load salpe.
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___ --~..,.4- Contacts Sensor Surface

4..-4 mmn 1-0 [- 6 minm .

1.1. nmin* I

1 I I .. . .

* | jI.

I mn radius

]Piure B.6. 'ross-slot Screw Test Load Shape.
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Figure B3.7. Large Solid Circle Test, Load Shape.
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Appendix C. SPICE Deck Files

Thie following, data, includecs Ohe tactile ,ensor charge amnplifier- SPICE deck

and the SPICE m-odel parameter-s.

Charye Ampilifier SP[C'E Deck

*Power Supply and Input Voltages

Vdd 1 0 dc 15v

yin 3 0 dc 1.8v $sin(1.8 7.5 1khz) ac 2,0

* Circuit Being Analyzed - Charge Amplifiers

* 2 Inverters In Series with Resistive Loads

.param resistor=!
*.param width=1

* .param length=1

mini 2 3 0 0 n w=Su 1=2u ad=25p as=25p
ri 1 2 7k$'resistor*280'

mm2 4 2 0 0 n w=3u 1=2u ad=l9p as=19p

r2 1 4 Sk$'resistor*200'

.dc vim 0 15 0.2 sweep resistor poi 7 20 22 24 25 26 28 30
*.ac dec 10 1 1e7

*.tran ie-S le-3

*.print dc v(4)

*.Plot ac vdb(4,3)
*.plot ac vp(4)

*.plot tram v(4),v(3)

*.p)lot dc v(4)

*.graph ac MODEL=output vdb(4,3)
*.graph ac M'ODEL=output vp(4)

*.graph tram v(4),v(3)

.graph dc v(4)

*.model output plot xscal=2

.Options nomad

.protect $suppresses the model information

A nclude /auto/cad/chipli-b/spicemodels/vti-hspice . 1v13

.end



SP[CE :1 odel IParametciers

*PROCESS~vti

*RUN~n~a1

*IYAFER=5
*Gate-oxide thickness= 389.0 angstroms

*Geometries (1.-drawn/L-drawn, units are urn/urn) of transistors

* measured were:

*3.0/12.0, 6.0/2.0, 18.012.0, 18.0/5.0, 18.0126.0
*Bias range to perform the extraction (Vdd)=5 volts
*DATE=0 1-15-91

*NMOS PARAMETERS

140DEL It IIMOS LEVEL=13 VFB0=
" -8.26023E-01,-5.61593E-02,-.679Q5O--I1
" 7.62682E-01, 1.93912E-24, 0.OOOOOEiOO

" 1.00898E+00, 1.21488E-01, 5.058169-01

"- 1.14611E-01, 1.69798E-01,-3.90522E-02

" -9. 35442E-03, 2.637665-02, -5. 51985E-03
" S. 596405+02,6.263375-001, -2. 809505-001

" 5. 14904E-02, 5.527675-02,-S. 370425-02

" 6.72569E-02, 7 .20491E-Ol ,-4 .744955-01
" 7 .39485E+00 ,-8.04217E+00, 4.52431E+01

" -2.89978E-04,-1 . 18484E-02,-5.85445E-03

" 1. 194605-03,-B .92090E-04,-1 .021055-02
" I .065695-03, -9. 120'39E-04, 1. 40155E-02

" -1. 983985-02, 3.02754E-02, 7.64969E-02

" 6.41883E+02, 4.40279E+02, 6.05329E+01
" -1.33791E+0i, 3.58763E+01, 1.29922E+02

" 3.71054E+00, 7.68605E+01 ,-2.72986E+01

" 9.66103E-03, 7 .28719E-02,-5 .3373SE-02
" 3.89000E-002, 2.70000E+01, 5.00000E+00

" 4.16998E-010,4.16998E-010,S.96190E-010

" 1 .OOOOOE+000,0.OOOOOE+000,0.OOOOOE+000

" I .000005+000,0.00000E4-00,0.OOOOOE+000

+ 0.000005+000,0.OOOOOE+000,0.OOOOOE+000

" 0.000005+000 ,0.O0000E+000,0.OOOOOE+000

" 19.48, 1.020500e-04, 5.524300e-10, 0, 0.8

" 0.8, 0.6744, 0.2857, 0, 0

*Gate Oxide Thickness is 388 Angstroms

*PMOS PARAMETERS

.MODEL P PMOS LEVEL=13 VFB0=
" -4.341345-01, 6.752245-02 .-2.59323E-03

" 6.856235-01, 0.000005+00, 0.000005+00
" 6.172785-01,-i. 146795-01, 8.83531E-02



+ 2. 52232E-02, 2 .707789-02 ,-1 .84284E-02

+ -9. 68790E-03, 4. 89835E-02, - . 69373E-03

+ 2. 30201E+02,4 .650S9E-OO1 ,-3 .64377E-0Ol

f1.2035SE-01, S.44177E-02,-1.02850E-01
+ 7.01132E-03, 2.61359E-O1,-1.91130E-02

+ 9. 74288E+0O - .44796E+00, 5. 47627E+00

+ -8. 19796E-04,-2.75987E-03, -1 .65286E-03

+ 1. 14756E-03,-3 .39669E-03,-3 .44013E-03

+ 6. 39469E-03,-4 .55227E-03, 6. 15819E-05

+ -1.74819E-03, 7.53192E-03, 9.75447E-03

+ 2 .32150E+02, 1 .22066E+02, 4. 63450E+01

+ 8.37573E+00, 9.15603E-01, 1.13261E+01

+ -1.05253E+00, 1.07120E+01, 4.41416E+00

+ -1. 63221E-02,-2.64327E-03, 2. 09036E-02

+ 3.89000E-002, 2.70000E+01, 5.00000E+00

+ 3.09624E-01O,3.09624E-010,5.75636E-01O
+ 1 .00000E+OO0 ,C..') )OOE+000,O.OOOOOE+000

+ 1.00000E+OO0,O.00000E+000, 0. 00000E+000

+ o.OOOOOoo,00E+000,0.00000OO,.OOOE+000

+ 0. 00000E+00 , 0. 00000E+000,0. 00OOE 0O

+ 102.6, 2.553000e-04, 3.147200e-10, 0, 0.8

+ 0.8, 0.5533, 0.3306, 0, 0

*11+ diffusion::

.MODEL PCL-DUI R

+ RSH=19.5 COX=O.00O102 CAPSW=5.52e-1O W=0 DIW=O

*P+ diffusi.on::

.MODEL PC!.DU2 R

+ RSH=103 COXO0.OOO2SS CAPSIW-3.15e-10 W=0 DW=O

*METAL LAYER -- 1

.MODEL PCIMLI R

+ RSHO0.106 COX=0 CAPSW=0 W=0 DWt-0

*METAL LAYER -- 2

.MODEL PC1-.ML2 R

+ RSH=0.04 C0X=0 CAPS19=0 W=0 DV=0



M'! ultiple.rer Inverter SPICE Deck

* POWER SUPPLY AND INPUT VOLTAGES

VDD 1 0 DC 1SV
VIIIl 2 0 PULSE(0 15 25NS INS INS 2511S SONS)
*V112 3 0 PULSE(O 5 SONS INS INS SONS lOONS)

*VIU1V 2 0 DC SV

CIRCUIT BEING ANALYZED - INVERTER
X2 2 3 1 ITIVERTER
C2 3 0 14OFF
*LOAD CAPACiYANCE - 8 GATES

.SUBCKT INVERTER 2 3 1
li1 1 2 3 1 P I-1SU L=2U AD=75P AS=75P
112 3 2 0 0 N W=8U L=2U AD=40P AS=40P
.ENDS INVERTER

*.dc virinv 0 15 0.2
,trazi Ins lOOns
*..p31ot dc v(3)

*.graph d- v(3)
.plo-c t,rLn v(3)

.pror-ec-. "spresses the model information
-inciud, /auto/cad/chiplib/spicemodelsVVL .,.spice. v! 13

* END

(;



Appendix D. Piezoelectric P VDF Filmi Characterization Procedure

C'oncurrent with the IC fabrication process, the p~iezoCectric PI)F film was

characterized to determine its p~olarization (68:29). The surface of the filmn which

dlevelop~ed a positive charge when the film was compressed was identified as, tile

surface which was attached to the electrode array. This surface was nlot be

metallized. The film polarizationi detection and pyroelectric effect lproccelurc %%as

imp~lemented as follows:

I. A 6 mim by 6 mil piece of the piezoelectric PVDF filmn was cut from a

larger sheet (8 X 11 in) (one side of the large blhet was marked in one (.oiier with

indelible Ink loi orientation purp~oses: the same sidle of the smiallei p~iet( u f film~ %% as

similarly marked).

2. A mietallization process (either thermal evaporation or sputtering) was

uibed' to partially coxer a glass, inicrobcope slide to create the clectiode configuration

shown iii Figure D. I. One strip of the conductive copper tape was then attached to

the elect rode.

3. Trhe piece of thle piezoelectric Pv1)F film, wvas attached to the glass

Microscope Slide With the IIz-ei hane adhesiVe.

I. A second piece of copper tap~e was then attached to thle unmlet allized

port ion of the gliuss microscop~e slide, and a I-mil diameter %% ire was attached from

the coppler tape to tihe top) surface (metallizedi) or the piezoelectric PVDF filmn

uisingr conduct i ye Silver painut.

5. A bias voltage from an elect-rometei (IKeidhley Instruntsa-. mtodel 617.

(leveland. 011 4.1 1:39) was connected across tile film.

6. TheC inp~ut p~rob~es of the elect ronneter were connected across the film. To

01,oun1d this conlfigukration. the grounld leads from both thle bias volt-age, and t lie

in put p~rob~es were con nectedl together.

7. To observe any pyrocecctric effects, a hecat source 'vas brought close to thle

suirface of -dhe film.t and any voltage detected by thle electrometer was recorded. Ani

IEE--l83 bus was used to transmit the dat a to a personal1 compter (Zenith D~ata

Svyqtemsl.. model Z-2-IS. St Joseph. NII 4908M) where it was stored on floppy disks. A\

BASIC' computer program, listed ini Appendix F' was used to process this dlata.

D)- I



PVDF F~im Metllized Nion~r Wir fond
of Sl~ ~ide

A / Rcion of
r Glais Slide
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Flect rome-er A.ModlC. I71

Figure D.I. Bulk Piezoelectric PVD1F Film Chiaracterization Scheme U'sing A\ (Hass

Mlicrosco1)e SlideC Sidibsirate.



on tile
C' cillo'ope lEF-~ INN BUS

iKcathley
Electronscler
Model (A",

PVDI' Filrm Under Cornprciiu Loand

\\ X~'~..-Mal. Microscope Slide

Figure D.2. Piezoelectric P .D F Filmn Chiaracterization Instrumentation Confiru -
ration.

S. A fixed load was then ipplied to the film. and personal computer. The test

confitrurat-ion is ill usti ated inI F7igi e D).2. AlIso. pyroelectric effects was evalunat ed

by p~lacinlg a, heat source close to dhe piezoelectric PVDI? film while it was under a

loaded conidition. An IEE-- 168 bus- wa., used to transit (lie data, to the Zeniih

Z-248S personal compunter where It was stored on a floppy disk. A B3ASIC compute.

p~rogram. provided in Appendix E was used to process this datta.

a. If the response signal was, positive, then the top surface of the film va~s

marked to Indicate t hat. the metal on that surface was to b~e remioved wiha we(t

chiemical etchant (ferric chloride).

1). If the response signal detected was negvative. the film'.- orient'ation was,

rev ersedl. and the load was reapplied. The elechronicter should then detect, a.

Positive response signal. The newly oriented film's surface was mnarked for the

subsequent etch process as described in the niext step.

9. The proper side of a large shieet oh the piezoelectric PVDF film was etched

withl ferric chloride. rinsed in deionized watii. and dried with nitrooen. Then. 6
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nam by 6 1m pieces were cut fron t ie sheet and stored for preparation of the
tactile sensor fal)rication Ste p .
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Appendix E. BASIC Data Acquisition Programs

'he I'olowing BASIC programs were utilized to retrieve the data from the

test equipm1ent.

Aeithley Mfodel 617 Electrmeter Data Acquisition Program

Reed Switch Impedance Measarmmenits

ELECTROR.TXT

Configures and runs the Keithley Electro.ater Model 617 in remote
control using Qu4-kBASIC. This particular program is designed to

retrieve data f -, the reed switch impedance evaluation.

CLS

LOCATE 1, 1
PRINT "The Acquisition Program For Reed Switches Is Running .....

I Establish communications with device driver

OPEiN "$DV488" FOR OUTPUT AS #1 'directives sent
PRINT #1, "BUFFERCLEAR"

OPEN "$DV488" FOR INPUT AS #2 'input from the devices

ON ERROR GOTO 1540

I Initialize MBC-488 board using "SYSCON" command
LOCATE 3, 1
PRINT "Initiallizing GP-IB Card..."

PRINT #1, "SYSCON MAD1=3 CIC1=1 BA1=&H300"

DEV2% = 27
' Set TIMEOUT (timeout time=O.056 x A%)

550 PRINT #1, "REMOTE 27"

LOCATE 5, 1
INPUT "Filename for the d;'ta: ", DFILES$

OPEN DFILES$ FOR OUTPUT AS #3

LOCATE 7, 1
INPUT "To configure the Electrometer, hit return", NULL$

CMD$ = "FIX"
PRINT #1, "OUTPUT ", DEV2., " $ +", CMD$
CMD$ = "COXZO"
PRINT #1, "OUTPUT ", DEV2, " $ +", CMD$

CMD$ = "V7OX"
PRINT #1, "OUTPUT ", DEV2%, " $ +", CMD$

CMD$ = "Q6X"
PRINT #1, "OUTPUT ", DE't2%, " $ +", CMD$
CMD$ = "GiX"

E- I



PRINT #1, "OUTPUT ", DEV2%, " $ +", CMD$
CLS

LOCATE 2, 1
PRINT "Configured and ready to go .....
LOCATE 4, 1
PRINT "Use the TRIG button to retreive and store the data"
LMXATE 6, 1
INPUT "When ready, hit return to retrieve data ", NULLS
PRINT #1, "OUTPUT ", DEV2%, " $ + OOX"
PRINT #1, "OUTPUT ", DEV2%, " $ + Q7X"
VRD$ = SPACE$(12)

LOCATE 6, 1
PRINT "Retrieving data .......
T=O

630 PRINT #1, "OUTPUT ", DEV2/, " $ + BIX"
PRINT #1, "ENTER 27 $ +"
INPUT #2, VRD$

T=T+ I
VRD = VAL(VRD$)

PRINT #3, T, VRD
PRINT T, VRD

IF T <= 63 THEN 630
P1'INT #1, "LOCAL 27"
CLOSE

STOP
1540 IF (ERR <> 68) AND (ERR <> 57) THEN
PRINT "BASIC ERROR # "; ERR; " in line "; ERL:

STOP

INPUT #2, E$

PRINT E$
INPUT #2, E$
PRINT E$

END

E-?2



Piezoelectric P VDF Film Characterization Measurement.s

ELECTROM.TXT

Configures and runs the Keithley Electrometer Model 617 in remote

control using QuickBASIC. This particular program is designed to

retrieve the data from the PVDF film's characterization evaluation.

CLS

LOCATE 1, 1

PRINT "The PVDF Film Data Acquisition Program Is Running .....
I Establish communications with device driver

OPEN "$DV488" FOR OUTPUT AS #1 'directives sent

PRINT #1, "BUFFERCLEAR"

OPEN "$V488" FOR INPUT AS #2 'input from the devices

ON ERROR GOTO 1540

Initialize MBC-488 board using "SYSCON" command
LOCATE 3, 1

PRINT "Initiallizing GP-IB Card..."

PRINT #1, "SYSCON MAD1=3 CIC1=i BA!=&H300"
DEV2% = 27

550 PRINT #1, "REMOTE 27"

LOCATE 5, 1

INPUT "Filename for the data: ", DFILES$

OPEN DFILES$ FOR OUTPUT AS #3

LOCATE 7, 1
INPUT "To configure the Electrometer, hit return", NULLS

CMD$ = "C1XZ1XCOX"

PRINT #1, "OUTPUT ", DEV2%, " $ +", CMDS
CMD$ = "V2X"

PRINT #1, "OUTPUT ", DEV2%, " $ +", CMD$

CMD$ = "FOX"

PRINT #1, "OUTPUT ", DEV2%, " $ +", CMD$

CMD$ = "ROX"

PRINT #1, "OUTPUT ", DEV2', " $ +", CMDS

CMD$ = "QX"
CMD$ = "GIX"

PRINT #1, "OUTPUT ", DEV2., " $ +", CMD$

CLS

LOCATE 1, 1

PRINT "Configured and ready to go!"
LOCATE 3, 1
INPUT "When ready, hit return to begin the test ", NULL$

LOCATE 3, 1
PRINT "Running ......

TI = TIMER
VRDS = SPACE$(12)

500 CMD$ = "BOX"



PRINT #1, "OUTPUT ";DEV2%/, $ ",CMD$

PRINT #1, "ENTER ~,DEV2Y., "$ +

INPUT #2, VRD$
VRD = VAL(VRD$)

T- TIMER - TI

PRINT T, VRD

PRINT #3, T, VRD
IF T < 60 THEN 500

PRINT #1, "OUTPUT ",DEV2I, "$ + OOX"1
PRINT #1, "LOCAL ",DEV2/

CLOSE

STOP

1540 IF (ERR <> 68) AND (ERR <> 57) THEN
PRINT "BASIC ERROR # "~ERR; "in line ";ERL: STOP

INPUT #2, E$
PRINT E$
INPUT #2, E$
PRINT E$

END



Tactile Sensor AImplifier Data .4cquisition Program

ELECAMP.TXT

Configures and runs the Keithley Electrometer Model 617 in remote
control using QuickBASIC. This particular program is designed to

retrieve the amplifier characteristic curve data of the tactile
sensor integrated circuit.

CLS
LOCATE 1, 1

PRINT "The Amplifier Data Acquisition Program Is Running....."

I Establish communications with device driver

OPEN "$DV488" FOR OUTPUT AS #1 'directives sent to

PRINT #1, "BUFFERCLEAR"

OPEN "$DV488" FOR INPUT AS #2 'input from the devices
ON ERROR GOTO 1540

1 Initialize MBC-488 board using "SYSCON" command

LOCATE 3, 1
PRINT "Initia]lizing GP-IB Card..."

PRINT #1, "SYSCON MAD1=3 CIC1=1 BAI=&H300"

DEV2% = 27
550 PRINT #1, "REMOTE 27"

LOCATE 5, 1

INPUT "Filename for the data: ", DFILES$
OPEN DFILES$ FOR OUTPUT AS #3

LOCATE 7, 1
INPUT "To configure the Electrometer, hit return", NULLS

CMD$ = "C1XZIXCOX"
PRINT #1, "OUTPUT ", DEV2%, " $ +", CMD$

CMD$ = "V2X"
PRINT #1, "OUTPUT ", DEV2%, " $ +", CMD$
CMD$ = "ROX"

PRINT #1, "OUTPUT ", DEV2', " $ +", CMD$
CMD$ = "Q7X"

CMD$ = "GiX"
PRINT #1, "OUTPUT ", DEV2%, " $ +", CMD$
CLS

LOCATE 1, 1

PRINT "Configured and ready to go!"

LOCATE 3, 1
VRD$ = SPACE$(12)

LOCATE 3, 1

PRINT "Running .......

FOR VIN = 0 TO 20.5 STEP .5
VIN$ = "V" + RIGHT$(STR$(VIN), LEN(STR$(VIN)) - 1)
CMD$ = VIN$ + "X"
PRINT #1, "OUTPUT ", DEV2%, " $ +", CMD$



CMD$ = "OIX"
PRINT #1, "OUTPUT ", DEV2%, " $ +1", CMD$
VS$ = SPACE$(12)

FOR Q 1 TO 400: NEXT Q
PRINT #1, "OUTPUT ", DEV2%, " $ + B4X"

FOR Q = 1 TO 800: NEXT Q
PRINT #1, "ENTER ", DEV2/,, " $ +
INPUT #2, VS$
VS = VAL(VS$)

CMD$ = "BOX"
PRINT #1, "OUTPUT ", DEV2%, " $ +", CMD$
VOUT$ = SPACE$(12)

FOR Q = 1 TO 800: NEXT Q
PRINT #1, "ENTER ", DEV2%, " $ +"

INPUT #2, VOUT$
VOUT = VAL(VOUT$)

PRINT #3, VS, VOUT
PRINT VS, VOUT

NEXT VIN

PRINT #1, "OUTPUT ", DEV2%, ' $ + OOX"
PRINT #1, "LOCAL ", DEV2%

CLOSE

STOP

1540 IF (ERR <> 68) AND (ERR <> 57) THEN
PRINT "BASIC ERROR # "; ERR; " in line "; ERL: STOP

INPUT #2, E$
PRINT E$; D

INPUT #2, E$
PRINT E$
END



LeCroy Model 9400A Digital Storage Oscilloscope Data Acquisition Program

Single 7'ace Data Acquisition

LECROY.TXT

Configures and runs the LeCroy Model 9400A Oscilloscope in remote
control using QuickBASIC. This program is designed to retrieve a
single oscilloscope trace when the time per division is less than
.5 seconds per division. This program was used during the
multiplexer, bias circuit, and system integration tests.

CLS
LOCATE 1, 1
PRINT "The LeCroy Data Acquisition Program Is Running .....
DIM TIME(1024), V(1024), P(1024), Y$(50)

TRUE = 1: FALSE = 0
OPEN "$DV488" FOR OUTPUT AS #1
PRINT #I, "BUFFERCLEAR"

OPEN "$DV488" FOR INPUT AS #2
ON ERROR GOTO 1210
PRINT #I, "SYSCON MAD1=3 CIC1=1 BA1=&H300"

DEVI% = 6
DEV2% = 7

1 Put Scope into REMOTE mode
PRINT 91, "REMOTE ", DEVI%

I Set up 'scope configuration
PRINT "Hit return when ready to begin the test", NULL$
PRINT "Configuring O'scope .....
PRINT #1, "OUTPUT 6 $ + REC 8"
PRINT #I, "OUTPUT 6 $ + TRCI ON;CIVD .2"
PRINT #1, "OUTPUT 6 $ + CIOF 0.0;C1AT !;CICP DIM;"

PRINT #I, "OUTPUT 6 $ + TRC2 OFF"
PRINT #I, "OUTPUT 6 $ + TRP PO;TRL .8"
PRINT VI, "OUTPUT 6 $ + TD .2mS;TRD 0.0"
PRINT #1, "OUTPUT 6 $ + STO CI,MC"
I Set up 'scope interface options

PRINT #1, "OUTPUT 6 $ + CHLP PPO"
PRINT #1, "OUTPUT 6 $ + CTRL OFF"
PRINT #1, "OUTPUT 6 $ + CPRM "; CHR$(34); ""; CHR$(34)
I Use ASCII data transfer with <CRLF> between each datum
PRINT #I, "OUTPUT 6 $ + CFMT,L,BYTE,UNSIGNEDSHORT,CRLF"
' Request data be sent

LOCATE 5, 1

INPUT "Type the name of the data file: " DATAF$
OPEN DATAF$ FOR OUTPUT AS #3

CYCLE- TRUE: CYCLE2 = TRUE

i =0: il= 0
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i2 =0: J =0
LOCATE 7, 1

PRINT "Reading O'scope's settings and waveform....."

PRINT #1, "OUTPUT 6 $ + READ CI.DE"
CYCLE = TRUE

WHILE CYCLE

loopl:
PRINT #1, "ENTER 6 $ +"
PRINT #2, Y$
IF J = 2 THEN x$ =Y$

IF J = 11 THEN s$ =Y$
J=J+1

IF (Y$ = "%,") THEN GOTO loopl
IF (INSTR(Y$, "#L") <> 0) THEN

PRINT #1, "ENTER 6 $ +"
INPUT #2, Y$
i2 = i2 + VAL(Y$)
GOTO loopl

END IF

IF (INSTR(Y$, "#I") <> 0) THEN
CYCLE = FALSE

END IF
WEND
LOCATE 9, 1
PRINT "Number of O'scope setup data points:"; i2

PRINT "Time base code "; s$, "Voltage base code = "; x$
'Determine the voltage/div and time/div scales

x = VAL(x$)

IF x = 22 THEN V = .005
ELSEIF x = 23 THEN V = .01
ELSEIF x = 24 THEN V = .02
ELSEIF x = 25 THEN V = .05

ELSEIF x = 26 THEN V = .1

ELSEIF x = 27 THEN V = .2
ELSEIF x = 28 THEN V = .5

ELSEIF x = 29 THEN V = I

ELSEIF x = 30 THEN V = 2
ELSEIF x = 31 THEN V = S
END IF

z = VAL(s$)
IF z = 4 THEN t = 2E-09
ELSEIF z = 5 THEN t = 5E-09
ELSEIF z = 6 THEN t = IE-08

ELSEIF z = 7 THEN t = 2E-08

ELSEIF z = 8 THEN t = 5E-08
ELSEIF z = 9 THEN t = .0000001
ELSEIF z = 10 THEN t = .0000002

ELSEIF z = 11 THEN t = .0000005
ELSEIF z = 12 THEN t = .000001

ELSEIF z = 13 THEN t = .000002
ELSEIF z = 14 THEN t = .000005
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ELSEIF z = 15 THEN t = .00001
ELSEIF z = 16 THEN t = .00002
ELSEIF z = 17 THEN t = .00005

ELSEIF z = 18 THEN t = .0001
ELSEIF z = 19 THEN t = .0002
ELSEIF z = 20 THEN t = .0005

ELSEIF z = 21 THEN t = .001
ELSEIF z = 22 THEN t = .002
ELSEIF z = 23 THEN t = .005

ELSEIF z = 24 THEN t = .01
ELSEIF z = 25 THEN t = .02

ELSEIF z = 26 THEN t = .05
ELSEIF z = 27 THEN t = .1
ELSEIF z = 28 THEN t = .2
ELSEIF z = 29 THEN t = .5
ELSEIF z = 30 THEN t = 1
ELSEIF z = 31 THEN t = 2
ELSEIF z = 32 THEN t = 5
ELSEIF z = 33 THEN t = 10

ELSEIF z = 34 THEN t = 20
ELSEIF z = 35 THEN t = 50
ELSEIF z = 36 THEN t = 100
END IF
PRINT "The LeCroy is set on "; t; "seconds/div and

"; V; "volts/div"
PRINT #1, "OUTPUT 6 $ + READ MC.DA,50,500"
WHILE CYCLE2

loop2 :
PRINT #1, "ENTER 6 $ +"
INPUT #2, Y$
IF (Y$ = "%") THEN GOTO loop2
IF (INSTR(Y$, "#L") <> 0) THEN

PRINT #1, "ENTER 6 $ +"

INPUT #2, Y$
il = il + VAL(Y$)

GOTO loop2

END IF

IF (INSTR(Y$, "#I") <> 0) THEN
CYCLE2 = FALSE

ELSE
Q = (VAL(Y$) - 128) t V / 32
IF (ABS(Q) < .001) THEN Q = 0
TIME = t / 50 * i - t

PRINT #3, TIME, Q

i = i+ i

END IF
WEND
PRINT "Number of data points: "; i, ii

PRINT #1, "LOCAL 6"
STOP
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Oscilloscope Alemory Data .Acquiilion

LCROYMEM.TXT

Configures and runs the LeCroy Model 9400A Oscilloscope in remote

control using QuickBASIC. This program is designed to retrieve the

signal traces stored into the memory of the oscilloscope. This

program u;as used to record long signal traces during the tactile

sensor taxel crosstalk evaluation. This program Tas used the

oscilloscope was configured with the time per division greater
than .5 seconds per division.

CLS

LOCATE 1, 1
PRINT "The LeCroy Data Acquisition Program Is Running .......

DIM TIME(1024), v(1024), P(1024), Y$(50)
TRUE = 1: FALSE = 0
OPEN "$DV488" FOR OUTPUT AS #1
PRINT #1, "BUFFERCLEAR"
OPEN "$DV488" FOR INPUT AS #2
1 Initialize MBC-488 board using "SYSCON" command

PRINT #1, "SYSCON MAD1=3 CIC1=1 BAI=&,H300 '"

DEV1% = 6
DEV2' = 7
1 Put Scope into REMOTE mode

PRINT #1, "REMOTE ", DEVI%
I Set TIMEOUT (timeout time=O.056 x AZ)

AZ = 100
PRINT #I, "TIMEOUT", A%

I Set up O'scope configuration

LOCATE 2, 1
PRINT "Configuring O'scope .....

PRINT 91, "OUTPUT 6 $ + REC 8"
PRINT #I, "OUTPUT 6 $ + TRCI ON;CIVD .2;CIOF -3.0

PRINT #1, "OUTPUT 6 $ + CIAT 1;CICP DIM;"
PRINT #I, "OUTPUT 6 $ + TRC2 OFF"
PRINT #I, "OUTPUT 6 $ + TRC DC;TRM NORM;TRS EXT;TRP NEG;TRL I"

PRINT #1, "OUTPUT 6 $ + TD SS;TRD 0.0"

I Set up O'scope interface options
PRINT #I, "OUTPUT 6 $ + CHLP PPO"

PRINT #I, "OUTPUT 6 $ + CTRL OFF"

PRINT #I, "OUTPUT 6 $ + CPRM "; CHR(34); ""; CHR$(34)
Use ASCII data transfer with <CRLF> between each datum

PRINT #1, "OUTPUT 6 $ + CFMT,L,BYTE,UNSIGNEDSHORT,CRLF"

OPEN "setup.dat" FOR OUTPUT AS #5
CYCLE = TRUE: CYCLE2 = TRUE: CYCLE3 = TRUE

i =0: il 0
i2 0: J 0
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LOCATE 3, 1

PRINT "Reading O'scope's settings from Memory C....

PRINT #1, "OUTPUT 6 $ + READ MC.DE"
CYCLE =TRUE

WHILE CYCLE
loopi:

PRINT #1, "ENTER 6 $ +

INPUT #2, Y$
PRINT #5, Y$
IF 3 2 THEN x$ Y

IF J3 11 THEN s$ Y$

IF (Y$S "%I") THEN GOTO loopi

IF (INSTR(Y$, "#L") <> 0) THEN
PRINT #1, "ENTER 6 $ +

INPUT #2, Y$

PRINT #5, Y$
i2 =i2 + VAL(Y$)
GOTO loopi

END IF
IF (INSTR(Y$, "#I") <> 0) THEN

CYCLE =FALSE
END IF

WEND
LOCATE 4, 1
PRINT "Number of O'scope setup data points:"; i2
LOCATE 6, 1

PRINT "Time base code "s $, "Voltage base code ";x$

'Determine the voltage/div and time/div scales

x= VAL(x$)
IF x =22 THEN

v = .005

ELSEIF x =23 THEN v = .01
E-LSEIF x 24 THEN v =.02
ELSEIF x =25 THEN v = .05
ELSEIF x =26 THEN v =.1
ELSEIF x =27 THEN v = .2
ELSEIF x =28 THEN v = .S

ELSEIF x = 29 THEN v = 1
ELSEIF x =30 THEN v = 2
ELSEIF x =31 THEN v =
END IF
z =VAL(s$)
IF z =4 THEN
t =2E-09

ELSEIF z = 5 THEN t = 5E-09
ELSEIF z = 6 THEN t = IE-08

ELSEIF z = 7 THEN t = 2E-08
ELSEIF z = 8 THEN t = SE-08

ELSEIF z = 9 THEN t = .0000001

ELSEIF z = 10 THEN t = .0000002



ELSEIF z = 11 THEN t = .0000005

ELSEIF z = 12 THEN t = .000001

ELSEIF z = 13 THEN t = .000002
ELSEIF z = 14 THEN t = .000005
ELSEIF z = 15 THEN t = .00001

ELSEIF z = 16 THEN t = .00002

ELSEIF z = 17 THEN t = .00005

ELSEIF z = 18 THEN t = .0001

ELSEIF z = 19 THEN t = .0002

ELSEIF z = 20 THEN t = .0005

ELSEIF z = 21 THEN t = .001

ELSEIF z = 22 THEN t = .002

ELSEIF z = 23 THEN t = .005

ELSEIF z = 24 THEN t = .01
ELSEIF z = 25 THEN t = .02
ELSEIF z = 26 THEN t = .05
ELSEIF z = 27 THEN t = .1
ELSEIF z = 28 THEN t = .2

ELSEF z = 29 THEN t = .5

ELSEIF z = 30 THEN t = 1
ELSEIF z = 31 THEN t = 2

ELSEIF z = 32 THEN t = 5

ELSEIF z = 33 THEN t = 10

ELSEIF z = 34 THEN t = 20
ELSEIF z = 35 THEN t = 50

ELSEIF z = 36 THEN t = 100

END IF
PRINT "Memory C is set on "; t; "seconds/div and

"; v; "volts/div"

LOCATE 9, 1

INPUT "Type the name of the data file for Memory C: ", DATAF$
OPEN DATAF$ FOR OUTPUT AS #3 'stores converted data to #3

LOCATE 10, 1
PRINT "Getting data from Memory C .......

PRINT #1, "OUTPUT 6 $ + READ MC.DA,50,500"

WHILE CYCLE2

loop2:
PRINT #1, "ENTER 6 $ +"
INPUT #2, Y$

IF (Y$ = "") THEN GOTO loop2
IF (INSTR(Y$, '#L") <> 0) THEN

PRINT #1, "ENTER 6 $ +"
INPUT #2, Y$
ii = ii + VAL(Y$)

GOTO loop2

END IF

IF (INSTR(Y$, "#1") <> 0) THEN
CYCLE2 = FALSE

ELSE
Q = (VAL(Y$) - 128) * (v / 32) * 10 + 10 * 3 * v

IF (ABS(Q) < .001) THEN Q = 0
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TIME t / 50 * i' - t / 2
PRINT #3, TIME, 0

i~ i+ 1

END IF
WEND
PRINT "Number of data points: "; i, il

LOCATE 13, 1
PRINT "Reading O'scope's settings from Memory D .....
PRINT #1, "OUTPUT 6 $ + READ MD.DE"

CYCLE7 = TRUE: M = 0: i7 0
WHILE CYCLE7

loop7:

PRINT #1, "ENTER 6 $ +"

INPUT #2, Y$
PRINT #5, Y$
IF M = 1 THEN h$ Y$
IF M = 11 THEN k$ Y$
M=M + 1
IF (Y$ "7") THEN GOTO loop7
IF (INSTR(Y$, "#L") <> 0) THEN

PRINT #1, "ENTER 6 $ +"
INPUT #2, Y$

PRINT #5, Y$
i7 = i7 + VAL(Y$)

GOTO loop7

END IF

IF (INSTR(Y$, "#I") <> 0) THEN
CYCLE7 = FALSE

END IF
WEND

LOCATE 14, 1
PRINT "Number of O'scope setup data points:"; i7
LOCATE 16, i
PRINT "Time base code "; kS, "Voltage base code "; h$
'Determine the voltage/div and cime/div scales

h = VAL(h$)

IF h = 22 THEN
c = .005
ELSEIF h = 23 THEN c = .01

ELSEiF h = 24 THEN c = .02

ELSEIF h = 25 THEN c = .05
ELSEIF h = 26 THEN c = .1

ELSEIF h = 27 THEN c = .2
ELSEIF h = 28 THEN c = .5
ELSEIF h = 29 THEN c = I
ELSEIF h = 30 THEN c = 2

ELSEIF h = 31 THEN c = 5
END IF

k = VAL(k$)

IF k = 4 THEN
u = 2E-09
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ELSEIF k = S THEN u = 5E-09
ELSEIF k = 6 THEN u = IE-08

ELSEIF k = 7 THEN u = 2E-08
ELSEIF k = 8 THEN u = 5E-08

ELSEIF k = 9 THEN u = .0000001

ELSEIF k = 10 THEN u = .0000002
ELSEIF k = 11 THEN u = .0000005

ELSEIF k = 12 THEN u = .000001

ELSEIF k = 13 THEN u = .000002
ELSEIF k = 14 THEN u = .000005
ELSEIF k = 15 THEN u = .00001

ELSEIF k = 16 THEN u = .00002

ELSEIF k = 17 THEN u = .00005

ELSEIF k = 18 THEN u = .0001

ELSEIF k = 19 THEN u = .0002
ELSEIF k = 20 THEN u = .00
ELSEIF k = 21 THEN u = .001
ELSEIF k = 22 THEN u = .002

ELSEIF k = 23 THEN u = .005
ELSEIF k = 24 THEN u = .01
ELSEiF k = 25 THEN u = .02

ELSEIF k = 26 THEN u = .O
ELSEIF k = 27 THEN u = .1
ELSEiF k = 28 THEN u = .2

ELSEIF k = 29 THEN u = .S
ELSEIF k = 30 THEN u = I
ELSEIF k = 31 THEN r = 2
ELSEIF k = 32 THEN u = 5

ELSEIF k = 33 THEN u = 10
ELSEIF k = 34 THEN u = 20
ELSEIF k = 35 THEN u = 50
ELSEIF k = 36 THEN u = 100

END IF

PRINT "Memory D is set on ; u; "seconds/div and
"t; c; "volts/div"

LOCATE 19, 1

INPUT "What is the filenwme of Memory D: ", DS
OPEN DS FOR OUTPUT AS #6
LOCATE 20, 1

PRINT "Getting data f rom Memory D.
i=0

il =0

PRINT 91, "OUTPUT 6 S + READ MD.DA,50.500"
WHILE CYCLE3

loop3:
PRINT "I, "ENTER 6 S +"

INPUT 92, YS

IF YS = "'") THEN GOTO loop2
IF (INSTR(Y$, "L") <> 0) THEN

PRINT "I, "ENTER 6 S +"
INPUT 92, YS

!-=! ;



il = 11 + VAL(Y$)

GOTO loop3

END IF

IF (INSTR(Y$, "#I") <> 0) THEN
CYCLE3 = FALSE

ELSE
Q = (VAL(Y$) - 128) * (v / 32) * 10 + 30 * v

IF (ABS(Q) < .001) THEN Q = 0
TIME = t / 50 * i' - t / 2
PRINT #6, TIME, Q
i=i+ 1

END IF
WEND

PRINT "Number of data points: "; i, il
PRINT #1, "LOCAL 6"
STOP
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Shape Data Acquisition

SHAPE.TXT

Configures and runs the LeCroy Model 9400A Oscilloscope in remote
control in QuickBASIC. This program is designed to retrieve

preload, load, and post load measurements from the oscilloscope.
Then, the program computes the voltage per taxel information, and,

finally, it computes the shape information, displaying the 8 x 8
array on the screen. This program was used during the tactile
sensor array evaluation.

CLS

LOCATE 1, 1
PRINT "The LeCroy Data Acquisition Program Is Running .......
DIM time(1024), V(1024), P(1024), Y$(50)
TRUE = 1: FALSE = 0
OPEN "$DV488" FOR OUTPUT AS #1

PRINT #1, "BUFFERCLEAR"
OPEN "$DV488" FOR INPUT AS #2

1 Initialize MBC-488 board using "SYSCON" command
PRINT #1, "SYSCON MADI=3 CICi=1 BAI=&H300"

DEVI! = 6

DEV2% = 7

' Put Scope into REMOTE mode
PRINT #I, "REMOTE ", DEVI%

Set TIMEOUT (timeout time=O.056 x A%)

= 100
PRINT #i, "TIMEOUT", A.

I Set up 'scope configuration

LOCATE 2, 1
PRINT "Configuring O'scope .....
PRINT #1, "OUTPUT 6 $ + REC 8"

PRIsrr #1, "OUTPUT 6 $ + TRC1 ON;C1VD .2;CIOF -3.0;CIAT I;CICP DIM;"
PRINT #1, "OUTPUT 6 $ + TRC2 OFF"

PRINT #1, "OUTPUT 6 $ + TRC DC;TRM NORM;TRS EXT;TRP NEG;TRL 1"
PRINT #1, "OUTPUT 6 $ + TD SMS;TRD 0.0"

PRINT #1, "OUTPUT 6 $ + STO CI,MC"
Set up 'scope interface options

PRINT #I, "OUTPUT 6 $ + CHLP PPO"

PRINT #1, "OUTPUT 6 $ + CTRL OFF"
PRINT #I, "OUTPUT 6 $ + CPRM "; CHR$(34); "'"; CHR$(34)
' Use ASCII data transfer with <CRLF> between each datum
PRINT #1, "OUTPUT 6 $ + CFMT,L,BYTE,UNSIGNED-_SHORT,CRLF"
OPEN "setup" FOR OUTPUT AS #S 'stores scope's setup data in #5
CYCLE = TRUE: CYCLE2 = TRUE: CYCLE3 = TRUE: CYCLE4 TRUE

i = 0: il = 0: i3 = 0: i4 = 0: iS = 0: i6 = 0: i2 0: J = 0
I!PUT "When ready to store the Pre-load condition into
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Mem C, hit return: ", NULL$

PRINT #1, "OUTPUT 6 $ + STO C1,MC"
INPUT "When ready to store the Load condition into
Mem D, hit return: ", NULLS

PRINT #1, "OUTPUT 6 $ + STO C1,MD"
INPUT "When ready to read the Post-load condition from
the display, hit return: ", NULLS
OPEN "ppolOOol.pos" FOR OUTPUT AS #10
OPEN "ppolOOol.raw" FOR OUTPUT AS #20

LOCATE 13, 1
PRINT "Reading Post-load condition .......

PRINT #1, "OUTPUT 6 $ + READ CI.DA,39,700"
'Read info from Channel I
r = 1: avg = 0: taxel = 1: temp = 0
WHILE CYCLE4

loop4:

PRINT #1, "ENTER 6 $ +"
INPUT #2, Y$
IF (Y$ = "%") THEN GOTO loop2

IF (INSTR(Y$, "#L") <> 0) THEN
PRINT #1, "ENTER 6 $ +"

INPUT #2, Y$
il = il + VAL(Y$)

GOTO loop4

END IF

IF (INSTR(Y$, "#I") <> 0) THEN
CYCLE4 = FALSE

ELSE
q (VAL(Y$) - 128) * V / 32 * 10 + 30 * V
IF r = 10 THEN

avg = temp / 4
PRINT #10, taxel, avg

PRINT #20, avg

temp 0: avg = 0: r 0

taxel taxel + 1
ELSEIF r = 4 THEN

temp temp + q
ELSEIF r = 5 THEN

temp - temp + q

ELSEIF r = 6 THEN
temp temp + a

ELSEIF r = 7 THEN
temp temp + q

END IF

r r+ 1
i =i + 1

END IF
WEND
PRINT "Number of data points: "; i, ii

OPEN "ppolOOpl.pos" FOR OUTPUT AS #11
OPEN "ppolOOpl.raw" FOR OUTPUT AS #21



PRINT "Reading Pre-load Condition..I

PRINT #*1, "OUTPUT 6 $ + READ MC.DA,39,700"-

'Read info from Memory C

r =1: avg =0: taxel =1: temp =0

WHILE CYCLE2
loop2:

PRINT #1, "ENTER 6 $ +"

INPUT #2, Y$
IF (Y$ 'I" THEN GOTO loop2

IF (INSTR(Y$, "#L") <> 0) THEN
PRINT #1, "ENTER 6 $ +"

INPUT #2, Y$
i3 =i3 + VAL(Y$)

GOTO loop2

END IF
IF (INSTR(Y$, "#I") <> 0) THEN

CYCLE2 =FALSE

ELSE
q =(VAL(Y$) - 128) * V / 32 * 10 + 30 *V

IF (ABS(q) < .001) THEN q 0

IF r = 10 THEN
avg =temp / 4
PRINT #11, taxel, avg

PRINT #21, avg

temp = 0: avg =0: r 0
taxel =taxe. + 1

ELSEIF r =4 THEN

temp =temp + q
ELSEIF r =S THEN

temp =temp + q
ELSEIF r =6 THEN

temp =temp + q

ELSEIF r =7 THEN

temp =temp + q

END IF

r r+ 1

i4 =i4 + I
END IF

WEND
PRINT "Number of data points: ";i4, 13

OPEN "ppoIO0ll.pos" FOR OUTPUT AS #12

OPEN "ppo1O0ll.ra4" FOR OUTPUT AS #22
PRINT "Reading Load condition ...

PRINT #1, "OUTPUT 6 $ + READ MD.DA,39,700"

r =1: avg = 0: taxel =1: temp =0
WHILE CYCLE3

loop3:
PRINT #1, "ENTER 6 $ +

INPUT 92, Y$
IF (Y$ ="11%1) THEN GOTO loop2

IF (INSTR(Y$, "#L") <> 0) THEN



PRINT #1, "ENTER 6 $ +

INPUT #2, Y$
iS = is + VALCY$)

GOTO locp3

END IF
IF (INSTRCY$, "#I") <> 0) THEN

CYCLE3 = FALSE

ELSE
q =(VAL(Y$) - 128) * V / 32 *10 + 30 *V
IF (ABS(q) < .001) THEN q 0

IF r =10 THEN

avg =temp / 4
PRINT #12, taxel, avg

PRINT #22, avg
temp = 0: avg =0: r 0

taxel =taxe. + 1

ELSEIF r =4 THEN

temp = temp + q

ELSEIF r = 5 THEN
temp =temp + q

ELSEIF r =6 THEN

temp =temp, + q
ELSEIF r =7 THEN

temp =temp + q

END IF

r r + 1
i6 =i6 + 1

END IF

TWEND
PRINT "Number of data points: ";iS, i6

PRINT #1, "LOCAL 6"
CLOSE #20
CLOSE #21
CLOSE #22
CLOSE #10
CLOSE #11
CLOSE ".12
CLOSE #3
CLOSE #4

CLOSE #6
CLOSE #7
OPEN "ppolOOpl.raw" FOR INPUT AS #51
OPEN "ppo1O11.raw" FOR INPUT AS #52

OPEN "ppolO~oi.raw" FOR INPUT AS #53
OPEN "ppolOOsi.pos" FOR OUTPUT AS #50

OPEN "ppolOOsI.raw~" FOR OUTPUT AS #49

LOCATE 20, 1
PRINT "Calculating the shape information...
FOR TAX = 1 TO 64
INPUT #51, PRE$

INPUT #52, LOAD$
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INPUT #53, POST$

P =VAL(PRE$)
L = VAL(LOAD$)

0 =VAL(POST$)
SHAPE = L. - (P + 0)!/ 2
PRINT #49, SHAPE
PRINT #50, TAX, SHAPE

NEXT TAX
CLOSE #49: CLOSE #S0: CLOSE #51: CLOSE #52: CLOSE #53
LOCATE 22, 1
INPUT "Threshold voltage value=", VL
1369 OPEN "ppolOOsI.raw" FOR INPUT AS #60

SCREEN 2

Y1 =41
FOR ICOL =1 TO 8

X1 = 101
FOR IROW 1 TO 8
INPUT #60, V
X2 =X1 + 24
Y2 = Yi + 10
IF V >= VL THEN LINE (X1, Y1)-(X2, Y2), 4, BF

ELSE LINE (X1, Yl)-(X2, Y2), 7, B
X1 X1 + 48

NEXT IROW
Y1 = Y1 + 20
NEXT ICOL

INPUT "Threshold voltage value=", VL
CLS
CLOSE #60
GOTO 1369

STOP



Hewlctt-Packard Moddl 54100.1 Digital Storage Oscilloscope Data Acquisition
Program

' SCOPE.TXT

Configures and runs the HP 54100A Digital Storage Oscilloscope in

remote control. This program is designed to retrieve the

oscilloscope's trace using QuickBASIC.

CLS

LOCATE 1, 1

PRINT "The HP 54100 Acquisition Program Is Running"

I Establish communications with device driver

OPEN "$DV488" FOR OUTPUT AS #1 'HP Scope

PRINT #I, "BUFFERCLEAR"

OPEN "$DV488" FOR INPUT AS #2 'input from scope
ON ERROR GOTO 1540
1 Initialize MBC-488 board using "SYSCON" command
PRINT #1, "SYSCON MAD=3 CIC1=1 BAI=&H300"
DEVI% = 7
' Set HP Digitizing Oscilloscope into REMOTE
PRINT #I, "REMOTE", DEVI%

Set TIMEOUT (timeout time=O.056 x A')
450 'A% = 100

'PRINT #I, "OUTPUT ", DEVI%, " $ + TIMEOUT "; A$

LOCATE 3, 1

PRINT "Configuring the HP O'scope .......

CMD$ = "STOP"
PRINT #1, "OUTPUT " DEVI%, " $ +", CMD$

CMD$ = "RUN"

PRINT #1, "OUTPUT " DEVI%, " $ +", CMD$

CMD$ = "DISPLAY BRIGHTNESS HIGH"

PRINT #1, "OUTPUT ", DEVI%, " $ +", CMD$

CMD$ = "DISPLAY GRAT GRID"

PRINT #I, "OUTPUT " DEVI%, " $ +", CMD$

CMD$ = "CHANNEL I"
PRINT #1, "OUTPUT " DEVI%, " $ +", CMD$

CMD$ = "CHANNEL 1 SENS 5"
PRINT #I, "OUTPUT ", DEVI:%, " $ +", CMD$

CMD$ = "CHANNEL I PROQ6 10"
PRINT #1, "OUTPUT ", DEVI%, " $ +", CMD$

CMD$ = "TIMEBASE MODE TRIGGERED"

PRINT #1, "OUTPUT ", DEVI%, " $ +", CMD$

CMD$ = "TIMEBASE SENSITIVITY 64e-6"

PRINT #1, "OUTPUT ", DEVI%, " $ +", CMD$

CMD$ = "TIMEBASE DELAY 0"
PRINT #i, "OUTPUT ", DEVI%, " $ +", CMD$

CMD$ = "TRIGGER MODE EDGE"
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PRINT #I, "OUTPUT ", DEVI%, " $ +", CMD$

CMD$ = "TRIGGER SOURCE CHANNEL 2"
PRINT #1, "OUTPUT ", DEVI%, " $ +", CMD$

CMD$ = "TRIGGER LEVEL .6"

PRINT #1, "OUTPUT ", DEVI%, " $ +", CMD$

CMD$ = "TRIGGER SLOPE NEGATIVE"
PRINT #I, "OUTPUT ", DEVI%, " $ +", CMD$

LOCATE 5, 1
INPUT "Press (s) to store the data into the scope's Memory 1: ", DIS
IF D$ = "s" THEN GOTO 880 ELSE GOTO 450

880 CMD$ = "STORE CHANNEL 1, MEMORY I"
PRINT #1, "OUTPUT ", DEV!, " $ +", CMD$

IF D$ = "s" THEN GOTO 880 ELSE GOTO 450
980 CMD$ = "STORE CHANNEL 1, MEMORY 3"

PRINT #1, "OUTPUT ", DEVI%, " $ +", CMD$

LOCATE 7, 1

INPUT "Filename for data from scope's Memory I: ", DF$

OPEN DF$ FOR OUTPUT AS #3
CMD$ = "WAVEFORM SOURCE MEMORY 1 FORMAT ASCII"
PRINT #1, "OUTPUT ", DEVI%, " $ +", CMD$

R$ = SPACES(IS)

CMD$ = "POINTS?"

PRINT #1, "OUTPUT ", DEVI%, " $ +", CMD$

PRINT #1, "ENTER 07 $ +"

INPUT #2, R$

PNTS = VAL(R$)

LOCATE 9, 1
PRINT "The number of points is: ", PNTS

CMD$ = "YREF?"

PRINT #1, "OUTPUT ", DEVI%, " $ +", CMD$

PRINT #1, "ENTER 07 $ +"

INPUT #2, R$

YREF = VAL(R$)

CMD$ = "YINC?"

PRINT #1, "OUTPUT ", DEVI%, " $ +", CMD$

PRINT #I, "ENTER 07 $ +"

INPUT #2, R$

YINC = VAL(R$)

CMD$ = "YOR?"

PRINT #I, "OUTPUT ", DEVI%, " $ +", CMD$

PRINT #1, "ENTER 07 $ +"

INPUT #2, R$

YORG = VAL(R$)

CMD$ = "XINC?"
PRINT #I, "OUTPUT ", DEVI%, " $ +", CMD$

PRINT #1, "ENTER 07 $ 4"

INPUT #2, R$
XINC = VAL(R$)

CMD$ = "XOR?"
PRINT #1, "OUTPUT ", DEVI%, " $ +", CMD$

ORINT #I, "ENTER 07 $ +"
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INPUT #2, R$

XORG = VAL(R$)
CMD$ = "XREF?"

PRINT #1, "OUTPUT ", DEV1%, " $ +", CMD$

PRINT #1, "ENTER 07 $ +"

INPUT #2, R$

XREF = VAL(R$)

LOCATE 12, 1
PRINT "YINC ="; YINC, "YORG "; YORG, "YREF "; YREF
PRINT "XINC "; XINC, "XORG ="; XORG, "XREF "; XREF

X$ = SPACES(15)

Y$ = SPACE$(15)

LOCATE 16, 1
PRINT "Retrieving the data from the scope ..........
CMD$ = "DATA?"
PRINT #1, "OUTPUT ", DEVI, " $ +", CMD$

FOR I = 1 TO PNTS
PRINT #1, "ENTER 07 $ +"

INPUT #2, Y$
X = (I * XINC) + XORG

Y = ((VAL(Y$) - YREF) * YINC) + YORG
WRITE #3, X, Y
NEXT I

CLOSE #3
CMD$ = "LOCAL"

PRINT #1, "OUTPUT ", DEVi%, " S +", CMD$
CLOSE

STOP
1540 IF (ERR <> 68) AND (ERR <> 57) THEN
PRINT "BASIC ERROR # "; ERR; " in line "; ERL: STOP

INPUT #2, E$
PRINT E$

INPUT #2, E$
PRINT E$
END
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App endlix F. Proced-ure for Fabricati~ng the Tactie Sensor

The j(-lpysical size of the IC was intentionally confined to ail arca measuring

7.9 mil by 9.2 mmn. The tactile sensor was fabricated using three clifferent

adhesive-, (uretlhane. lpolyin-ide, and Loclite) to couple the piczoelecti ic PVDF filiin

to the surface of thle 1C.

The fabrication procedlure for thle tactile sensor follows:

i. Trhe charge onl a. 6 mmix by 6 mml p~iezoelctric PVDF film sample was

neut ralizecl b% immeursing~ it in anl elect rically -rou nded solution composed ol'

200 ml of deionized water and( I dIrop of FICI.

2. Nitrogen gas wvas Used to thoroughly dryv thle PVDF film.

:3. One drop) of the adhesive dlisp~ensed from a 3 cc syrinige was placed in thle

center of the piezoelectric PVDF film. Thle adhesive was then smoothed with a

glass slide and the film was p~roperly centered onl the taxel arraY

-1. A squnare piece of cellophane was placed over the p~iezoelectric PVDF filmn

t-o prevent the squnare microscope slide from bonding to the top surface of the

PVDF film).

.5. A\ Square microscope dlide was then centered over and p)lacedl onl the film.

6. To ensure proper bonding of the p~iezoelectric PVDF film to dhe taxel

array, thle RC. P\DI? film,. glass microscope slide, and( a spacer was sandwiched by

lie coiupr('ssive force (F) SUpl1i'd by two paper binder clips. A uniform force

app~lied by thle binder clip configuratLion is critical to thle p~roper attachmient of the

film. Care mnust be taken in adljusting the binder clip configuration. The

configiirat ion is detailed in Figure V.1.

'7. ( Te enire package was Ithen transferred to a vacuui Sy-Ste in andepoe

to a pressure of 100 microns of miercurv for 310 mlinutes. This cuire proces's was

utIilized to eliminate trappled gaseouis iolccules fromi beneath the piezoelectric-

PVDF film. and it caused the film to be snugly drawn against the IC's electroclo

stru'lcture.

~.The adhiesives were cured at 6i.Y( for one hour.



2x 2" Glass Mle
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171-ure F. 1. Fabrication Confi uration Of Tho Tactile Sensor.



9. The ensemble was then visually in~spectedI under an optical microscope to

discern the overall qiualitv of the bonded p~iezoelectric PVDI? film.

10. Should the piezoelectric PVDF film not adhere properly, the film was

reinoved, the adhiesive was removed with acetone. and the IC was p~lace([ in the

pla.,ii-ia asher tou remove residual acetone. The DC resistance between adjaceitt gOld

bond1( pads was remeasureO ,~sin-, the electcometer (Keithley Instruments. mnodel

617. Cleveland. OH- -14139). If. the DC resistance between adjacent -old bond pads

has decreased below ;: 10"~ Q. the gold bonding pads of this and subseque nt K's

wvere coated with silicone rubb1 er, and the DC resistance was remeasured with the

electrometer.

11. W\hen the piezoelectric PVDF film was properly bonded to the surface of

-Hie IC. a 1-nill diameter wire was connected from the top surface electrode oii the

1iezoelectric PVD)1 film to the gold wire bond p~ad on the IC's ceramic p)ackage.
Conductive silver epoxy was used to attach the wire to the polymer's top) suirlace

elect rode. This connection serves to ground the top surface electrode.
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Apenclix G. Adhesii'c Siwi?, Phiotoarapzs

The lollowi i lhI1SI 01,ii'l the iiiai a :.kd fnid )1101 oaphs, of three

tatie sensors ii ed tnhe adiie ive e~aluatioun~dv No vi -iibe degracdation of the

film's adherence :dm be 1clErnedi: howevter, a %iije dilerence bet ween the

urethane and puIX inide adhwesi ve clec 1 rodi O' e and t he Lortilf adhiesive*s

electrode coverage is apparent.

'li

.,," .3S,

Fi'nure G.1. EDecuro~e (Co, eratl With A -11) pni Thick lPiezoeiectric PVDF Film
N Z zhe ti i -1 W hI 111 Urer bane .\chejv I I Photo (15 X ).



bcAct
t~t

Figure G.2. Electrode (overagw With \ -11.1) Thick Piezoelectric PVDF Film

:\ttctd \\ill' r 'e 1' rez c \' hive - Initial Photo (75 x)

Figure GO3. Co--rn-er Or The hI an TFitk 'zwKrtr' P\TiF Film :\tiached With

Tlsr I rothaant fh, v u-i; ~~d 7
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Figure G.4. EleCtr-ode( C'ovej-age \Vidh A 10 jim Thick Piezoelectric PVDF Film
Attached \Vii The nc l hane( Adhesive Finial Photo (7.5 X ).

~~ '-

NJ _

Fire G.5. Eleclrode (overage With A -10 yrm 'I~lhicl Piezoelectric PVDF Film
A tta'cd WiVth The 1* ret hane Adhllesive Vina1l Photo (75~ x)
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Figure G3.6. Cornier Of The 40 pim Thick Piezoelectric PVDF Film Attached With

The Urethaie.-Adhesiv e - Final Photo (7-5 x).

~W -y

Figure G.7. Electrode Coverage Wi\ th A 40 ptm Thick Piezoelectric PVDF Filmn
At tached With The Pol\ imide Adhesive - fnitial Photo (1.5 x ),



Figure 0.6. Electrode Coverage With A 40 ;trn Thick Piezoelectric PVDF Filml
Attached With The Polyiniide A\dhesive - Initial Photo (75 x ).

Figuire G.9. C'orner Of The 40 pin Thick Piezoelectric PVDF Filmn Attached With
The Polyinlide Adesve-lui Phoio (75 x).



Figure G.10. Electrode Coverage WVith A 40 ptm Thick. Piezoelectric PVDF Filmn

Attached With The Polvirnide Adhesive - Final Photo (7-5 x).

Figure GA11. Electrode Coverasge WVith A 410 pm Thick Piezoelectric PVDF Film

Attached WitLh The Polvimide Ad;hes-,ive - Final Photo (7-5 x).
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Figure G.12. Corner Of The 40 prm Thick Piezoelectric PVDF Filin Attached With
The Poiiide Adhesive -Fi!al Photo (5x ).

F qg ure G. P:3. Elcctrxic Coverage With A -to pti Thick Piezoelectric PVDF Filim
A\ Uachied NWirth The Loriib Adltesive- itial Photo (73 x ).
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Figrure G.14. Electrode Coverage Wit Ab .\U pin Thick Piezoelectric PVDF Film
Attached With The LorfaI- Adheniv- - Initial Photo (7.5 x).

Figure G.A1S. Corner Of The 40 pim Thick Piezoeloctric PVDF Film Attached With
Trhe Lodlil Adhesive - Ii idl Phiuo 17.5 x ).
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Figtire G.16. Electrode (7overaae Wilth A 4o) jin Thick Piezoelectric PVDF Film
Aitached WVith The Loclile Adhiiezve -Finial Photo (7.5 x).

-. --.

Figure G.17. Elect rodc (overaL,( With A !oJ ,Im Thir'k Piezoolectric I'VDF Film
At tached Wit i h ht La ntAt wu1 .\' e -W FinIl Photo (7-5 x ).



Fi'i& IS.(vI1net OF Th, -V- :n f hick Piezvece-uic IV DF Film A-ttached Widi
Tliw~ Lorit.'ll 1 Final hot .O a (



Appendix H. Tactile Sensor Evaluation Procedures

Thle compllete tactile senisor systemn was configured according to Figure 11.1

anl tested using the foliowing procedures:

1. The multiplexer circuit was clocked at various frequencies sp~annling 500 Ilz

to 100 kliIz. using a [unction generator (Hewlett-Packard. model :33NA. Palo Alto.

CA 94130-4).

2. The bias circuit was swvitched-on for a sufficient length of time to facilitate

achieving a unifoi mn charge state thro01uhou.t the tactile sensor's electrodes.

:3. Thle digital storage oscilloscope (either thle Hewlett-Packard. inodel -)4100.

Palo Alto. ('A 9:1:30-1 or tlime LeCroxv Corporation, mnodel 94100. Chestnut Ridge. NYN

109717) wvas used to dlisp~lay the outlput of' thle multiplexer. Thle pre-loacl condition

was mieasured and recorded. and anl IEEE-488 bus was us'ed to route thle lat-a to

thle personal computer (Zenith Data Systems. model Z-2-18, St Joseph. N-4 -190-5)

for storage and subsequent processing.'

-1. The test probe was conlgurecl with various load shapes (for example, a

shiarp edge. small square. sinall solid circle, slot Ped screw. cross-slotted screw. large

solid circle, amnd toroid). Thle load was applied to the arra,..

-= 3. The load condition was mnea-sured and recorded With the digital storage

oscilloscope. Ani IEEE- 188 bus was used to transfer the data to a Z-2-18 perbuonal

computer for storage and subsequent processi n~g.

6i. Thle load was removed.

7.1Th )ost-ioadl condition Was nzcasured and recorded by the (ligital stola-V

os"Cilloscope. Anf 1LLL-l88 bus was iised to) iransfer thle dlata to a Z-2-18 p~ersonal

comnliim er for storage and S1ubseq [ent processing1.0

S. Steps 2 t hro'igh 7 were repeat ed for several (different load shapes.
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Appendix 1. Three-dimenional Tactile Sens9or Shape Information

The three-dimensional plots produced in this thesis were generated usinlo a

software lprograin cal led Math emat ica (kkol [ram Research, Inc.. Mlat he iatica.

Version 2.0, Champaign. IL 61826). The program inpjuts the 64 taxel output

voltage dlifference values (designated by *filenarne" ie program listing below),

and then it generates a normalized output rebponse based uiponl the largest voltage

difference value. It assigns each taxel voltage value to :36 [points arrangedl in a

fashion to imumitate thle taxel dimensions and location. Between each of the

simulated taxel locations, a 0-V value I., displayed corre:,ponding to the voltage

measured b~etween taxels. A samlple data ile for an edge shatped load in contact

with one row of the tactile sensor is listed. The ile contains 641 taxel output

v'ol age difference valutes. The A Lath una(i a p~rograil whlichl processes thle data Is

also p)rovided.

A Sample Data File For An Edge Shaped Load Applied To One Row Of
The Tactile Sensor:

-. 1015625

-.!328125

-. 1640625

-. 1875

-. 1328125

-. ! 40625

- .0546875

-. 0859375

-.1171875

-.1171875

-.1328125

-. 1328125

-. !1328125

- .0859375

-.1171875

- .0703125

015625

- .0625

.132812S

-. 109375

-.1328125

- .09375
-.109375



-. 1171875
.15625
.03 125

- .015625
-. 1796875

.078 125
0

- .0390625
- .0703125
.4296875
.4921875
.453 125
.3828125
.1796875
.34375
.3203 125
.265625
.171875
.40625
.359375

- .0625

.0625
- .09375
0

15625
.0078125
.0234375

- .078125
- .0390625
- .03125
-. 0703 125
- .0546875
- .046875

.0546875
- .0546875
- .0703125

.046875
- .0390625

- .078125
- .0625

- .0390625
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q=ReadList E'filenarne')
s=Max (q)
OpenRead Efilenainel
Do Ef Ej ,il =Read[ (filename")], Li, 8)1, {j, 8)-]
Close ("filename")
Do Cx(j, ilf(j, i)/s, fi, 8)-, (j, 8)-)
Do~z(8j-7, 8i-73=0, fi, 81, (j,811
Do~z[8j-6, 8i-73=0, Li, 8)-, 10,81-)
Do(zE8j-5, 8i-71=0, {i, 8), {j,8-)
Do(zE8j-4, 8i-73=0, Li, 8)-, (j,81-)
Do(zE8j-3, 8i-73=0, Li, 81-, (j,813J
Do~z[8j-2, 8i-7>=O, Li, 8)-, (j,81-)
Do(z[8j-1, 8i-73=O, Li, 8)-, (j,8))
Dorz(8j, 8i-7)=0, (i, 8)-, fj,8-)
Do(z(8j-7, 8i-61=0, (i. 8)-, {j,8))
Do~zE8j-6, 8i-6)=x~j,i3. Li, 8)-, fj,8-J
Doz(8j-S, 8i-6>=x~j,iJ, Li, 81, fj,8jl
Do(z[8j-4, 8i-6>=x(j,i), {i, 8)-, fj,8)-)
Do(zE8j-3, 8i-61 x lj, i), Li, 8)-, {8}
Do(z(8j-2, 8i-6Thx~j,iJ, Li, 8)-, iLj,8)-)

* Do(z[8j-1, 8i-6>=x~j,i), Li. 8)-, {j,8)-)
Do(zE8j, 8i-61=0, (i, 8)-, (j,81-)
Do(z[8j-7, 8i-53=0, {i, 8)-, (j,811
Do(z(8j-6, 8i-53=xlj,iJ. {i, 8)-, (j,81-)

Do~zEj-S, 8i-S5>x~j,iJ, Li, 8)-, (Lj,8)-)
Do(z[8j-3, 8i-5J=x~j,i). Li, 8)-, {j,8)-)
Do~zE8j-2, 8i-SJ=x~j,i),. Li, 8)-, (j,81-)

Do(z(8j-, 8i-53=0,i, 8)-. 1,-) 8
Do(zE8j-7, 8-4):Oxl~, i, 8, (j, 81
Do(z[8j-, 8i-1=0~ , Li, 8) , Lj,8 )-)
Do(z[8j-7, 81-41=0, i, 81, 8), j,8)-
Do~zE8j-4, 8i-43=x~j,i), Li, 8)-, (j,.8)-
Do~z[8j-5, 8i-4)=x(j,i), Li, 8)-, (j,81-J

Do~zESj-4, 8i-4>=x(j,il. Li, 8)-, (j,81-)
Do(zE8j-, 8i-4O, i, )-, 8j,8j.1
Do(zE8j-2, 8i-3)0, il, 8)-, 81 j ,81-J
Do(z[8j-6. 8i-3>=x~j i), Li, 8)-, fj .8)-)
Do(z[8j-5 8i-1=0, i ), (i, 8)-13 ,8
Do(zE8j-7, 8i-31=0~,i i, 8)- (j, 8)-
Do(zE8j-3, 8i-3Thx~j,i), Li, 8)-, (j.81-)
Do(zI:8j-2, 8 i-3> x(j , i), Li, 8)-. lj,8)-)
Do(zC8j-4, 8i-3Thx~j,i), (i, 8)-, (j.8)])

DoEz[8j, 8i-3=,i, 8)-, L8),) ,1

Do(zE8j-7, 8i-21=0, fi, 8)-, (j,81-)
Oo(z[Sj-6. 8i-2>=x~j,i), Li, 8)-, (j.81s)

Do(z(8j-5. 8i-2>=x~j,i), Li, 8)-, (j,81-j

[1 



Do~zE8j-3, 8i-2>=xfj,i), {i, 8), {j,8}J

Do~zE8j-2, 8i-2>=xj,i). {i, 8), {j,811)
DoE[8j-1, 8i-2>=xEi,i), {i. 8), fj,8})

Do~z[8j, 8i-2J=0, fi-, 81, {j,8}J
Do~z[8j-7, 8i-11=0, (i, 8), (J.813
Do~z[8j-6, 81-1>=Xj,i), {i, 8), (J.81)
Do~zC8j-S, 8i-Z11x(j;,i], {i, 8), (j,81}3

Do(zE8j-4, 8i-.*>Ixj,i), {i, 81, {j,}jl

Do~zC8j-3, 8i-1>xrj,i'j, (1, 83), {j,sl)
Do(8j-2, Si-,2I~x~j.1J, {i, 8}, (j,81J
Do(z[8j-1, 8i-l1>xj,i), (i, 8), fj,81J

Do~zC8j, 8i-lkO0, {i, 8)>, (j,811
Do[E8j-7, 8iW0O, {i, 8). {j,8})

Do~zC8j-6. 843=0, {'i, 8), (3,8})
Do(zC8j-5, 8ik=O, {i, 8), (j.8})
Do(z'L8j-4', Si3=O, (i. 8), (j,811
Do[z(8j-3. 8i]=Ol, fi, 8}. (j,8})

Do~z[8j-2, Bik=O, {ri, 8), (-;,8)]
Do~z(8j-1, 8iP=O, {i, 8), (j 8f
Do~z(8j, 8i]=O, {i, 8), {j,8})
t3=Table(z~i,jJ, (i.641. (j.64)J
ListPlot3D~t3, VieuwPoint -> (.7,-.l,!.2), PlotRa-nge - O )

Tickr-s -> None)



Appendix J. Contour and Threshold Plots

Tphe figures contained \vithin this app~endix are provided as support for the

set of figures presented in Chapter VI. For each shape lpres-nted, the first two plots
aire for one equijpotential level b~elow the "best-fit" equipotential, contaiing the
contour p)lot. and the taxel dhreshold level p~lot. The next twvo are for one
equinotential contour above the "best-fit" ectUipotential. The following plots were
obtained from a tactile sensor flabricatecl using urethane, and they include thle
,hiarp edge, smiall square sm-all circle, polygon. slotted screw, cross-slotted screw.
large solidl circle. toroid. Aliso included are supporting plots for the data obtained
Iorn a. s"T'sor fabricited with p)olyirnide for the ,harp edge, sin.A. square. mid small

circle shap~ed loads.
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Figure J. 1. 0.3-V Equipotential Contoti, Plt For A 100 g Sharp Edge Shaped Load
Applied To The Surface Of The Electrode Array.
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Figure .J.2. 0.3-V Threshold Plot Of A 100 g Sharp Edge Shaped Load - Taxels
With An Output Level Above This Threshold Level Are Displayed As

Black And Taxels With An Ou t , Level l3clow This Threshold Level
Are Displayed As White.
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Figure .J.3. 0.5-V Equipotential Contour Plot For A 100 g Sharp Edge Shaped Load
Applied To The Surface Of The Electrode Array.
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Figure .J.5. 0.3-V Ecquipotential Contou)Ir Plot For A 100 gSinall -Squate Shape'd
Load Applied To The S~urface Of The ElAectrode Array.
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Figiire J.6. 0.3-V Threshold Plot Of A 1(00g Smnall Square.Shaped Load - Taxels
With An Output Lee AbveTis Threshold Level Are Displayed As
Black Andc laxels With An Ouiput Level Below This'Threshold Level
Are Displayed As White.
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Figure .J.7. 0.4-V Equipotential Contouir Ioi I'or A 100 -a Small Squarc Shaped
Load A ppliedl To The Sm-frFie Ol'The El-ectrode A rray.
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Figure .J.$ . 0.4I-V Threshold Plot Of A 100 gSmall Scmnare Sh1aped Load -Taxels

With An Output Level Above This Threshold Level Are Displayedl A,
Black Amnd laxels Wit h An Out~pit Lecvel Below rilis Threshlold Level
Are Displayed As Whiie.
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Figure .1.9. 0.6-V Equipotential Contour Plot For A 100 g Small Circularly .Shaped
Load Applied To The Sii'fltae Of The Electrode Array.
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Figtre J.10. 0.6-V Threshiold Plot 01 A 100og Small Circularly Shaped Load -Tfax-

els With An Output Level AbovenTils Threshold Level Are D~isplayed
As B~lack And Taxels With A~;n Out-put Level B~elowv This ThreshIIold(
L~evel Are Displayed As White.
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Vigure J.11. 0.8-V Eqiuipotential Contour l'lot For A 100 g Small Circularly Shaped
Load Applied To The Surface Of I'l Elect rode Array.
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Figure 1J12. 0.8-V Threshold Plot Of A\ 100 g Small Circularly Shaped Load - Tx
cis With An Output Level Above This Threshold Level Are Displayedl
A\s Black And Traxels WithI An Output Level Below THs Threshold
Level A\re lislaydc~ As \~ie
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Ficlure .J.13. 0J.3-V Equipot,,ntial ('ontouir Piot For A 100 g Polygon .Shaped Load
Applied To The Stirface Of) The EF.,rtrode Array.
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Figure J.16. 0.5-V Threshold Plot Of A 100 g Polygon Shaped Load - Taxels With
An Output Level Above This Tlreshold Level Are Displayed As Black
And Taxels With An Output Level Below This Threshold Level Are
Displayed As White.
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Figure J.15. 0.5-V Equipotential Contour Plot For A 100 g Polygon Shaped Load
Applied To The Surface Of The liectrode Array.
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Figure .J.16. 0.5-V Threshold Plot Of A 100 g Polygon Shaped Load - Taxels With
An Output Level Above This Threshold Level Are Displayed As Black
And Taxels With An Output. Level Below This Threshold Level Are
Displayed As White.
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Figure .J.17. 0.15-V Equipotential Contour Plot For A 100 g Slotted Screw Shaped
iuoad Applied To The Surface Of The Electrode Array.
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Figure J.18. 0.5-V Threshold Plot Of A 100 gSlotted Screw Shaped Load - Taxcis
With An Output Level Above This Threshold Level Are Displayed As
Black And Taxels With An Output Level Below This Threshold Level
Are Displayed As White.
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Figure J.19. 0..56-V Equipotential Contour Plot For A 100 g Slotted Screw shaped
Load Applied To The Surface Of rrie Electrode Array.
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1igurc .J.20. 0.56-V Threshold Plot Of A 100 gSlotted Screw Shaped Load -Taxels
With An Output Level Above This Threshold Level Are Displayed As

Plack And Taxels With An Ouitput Level Below This Threshold Level
Are Displayed As White.
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Figure .1.22. 0.4-V Threshold Plot Of A 100 Cross- Slot ted Screw Shaped Load
-Taxels With An Output Level Above This Threshold Level Are

Displayed As Black And Taxels With An Output Level Below Thi-s
Threshold Level Are Displayed As White.
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Figure J.23. 0.5-V Equipotential Contour Plot For A 100 gCross-Slotted Screw
Shaped Load Applied To The Surface Of The Electrode Array.
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Figure Ji.24. 0.:,;V Threshold Plot Of A 100 g Cross-Slotted Screw Shaped Load
Taxels With An Output Level Above This Threshold Level Are~

Displayed As Black And Taxels With An Output Level Below rThi.-
Threshold Level Are Displayed As White.
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Figure J.25. 0.48-V Equipotential Contour Pot For A 100 a Large Solid Circularly
Shaped Load Applied To The Surface Of The Electrode Array.
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Figure J.26. 0.48-V Threshold Plot Of A 100 gLarge Solid Circularly Shaped L oad
-Taxels With An Output Level Above This ThIreshold Level Are

Displayed Ab Black And Ta,,ixels With An Output Level Below This
Threshold Level Are Displayed As White.
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Oigur .1.27. 0.55-V~ Equipotential Contour Plot For A 100 g Large Solid Circularly
Shaped Load Applied To The Surface Of The Electrode Array.
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Figure .J.28. 0.5-5-V Threshold Plot Of A 100 g Large Solid Circularly Shaped Load
- Taxels With An Output, Level Above This Threshold Level Are
Displayed As Black And TFaxels With An Output Level Below This
Threshold Level Are Displayed As White.
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Figure .J.29. 0.45-V E(JUipotentiaI Contour Plot For A 100 g TForoid Shaped Load
Applied To The Surface Of The Elect-rocle Array.
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Figure J.30. 0.,5-V Threshold Plot Of A 100 g Toroid Shaped Load -Taxels With
Au Output Level Above This Threshold Level Are Displayed As Black
And " Taxels With An Oiaput. Level Below This Threshold Level Are
Displayed As White.
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Figrure J .31. 0.5.5-V Equipotentiald Contour Plot For A 100 gToroid Shaped Load
Applied To The Surface Of The Electrode Array.
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Figure J.32. 0.55-V Threshold Plot Of A 100 g Toroid Shaped Load - Taxels With
An Output Level Above This Threshold Level Are Displayed As Black
And Taxels '.Vt"h An Output Level Below This Threshold Level Are
Displayed As White.
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Figure .J.:33. 0.541-V Equipotential Contiour Plot For A 100 gSharp EdeShaped
Load Applied To Tile Surface Of Tile Electrode Array - The Sensor
Was Fabricated Usijj A P1olvimide Adhesive.
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Figure _J.34. 0.54-V Threshold Plt Of 100 g Sharp Edge Shaped Load - Taxs'
With An Output Level Above This Threshold Level Are Displayed
As Black And Taxels Widi An Otpt Level Below This Threshld
Level .re Displayed As \Vift -~ The Sensor Was Fabricated Using A
l'olvimlide Adhesive.
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Figure J.:36. 0.6-V Threshold Plot Of A 100 g Sharp Edge Shaped Load - Taxcls
With An Output Level Above This Threshold Level Are Displayed
As Black And Taxels With An Output Level Below This Threshold
Level Are Displayed As White -- The Sensor Was Fabricated Using A
Polyimide Adhesive.
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FiglUre J.:37. 0..5-\* Equipoteniaia 'oiitotir Plot For A 100 gSmall Square Shapedl
Load Applied To The Smrface Of The Electrode Arr-ay - The Sensor
W-as Fabricaled Using~ A jPolviniide Adhesive.
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Figure J.38. 0.55-V Threshold Plot Of A 100 g Small Square Shaped Load Taxels
With An Output Level Above This Threshold Level Are Displayed
As Black And Taxels With Au Output- Level Below This Threshold
Level Are Displayed As White - The Sensor Was Fabricated Using A
Polvimnide Adhesive.
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Figuire J.39. 0.58-V Equipotentild Conutur Plot For A 100 'rSmall Sruare Slinped-,
Load Applied To The- Suface Or The Electrode :\rray - The Sensor

kWs Fabricated U'sina A lPolvimide Adhesive.
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Figure J.40. 0.58-V Threshold Plot Of A 100 g Small Square Shaped Load - Taxels
With An Output Level Above This Threshold Level Are Displayed
As Black And Taxels With An Output Level Below This Threshold
Level Are Displayed As White - The Sensor Was Fabricated Using A
Polvimide Adhesive.
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Figure .JA 1. 0.76-V Ecquipotential Contour Plot For A 100 g Small Circularly
Shaped Load Applied To The Surface Of The Electrode Array - The
Senrcw Was Faibricatecd Using A Polyimide Adhesive.
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Figure .J.42. 0.76-V Threshold Plot Of A 100 g Small Circularly Shaped Load
- Taxels With An Output Level Above This Threshold Level Are
Displayed As Black And Taxels With An Output Level Below This
Threshold Level Are l)isplayed As White - The Sensor Was Fabricated
Using A Polyimide Adhesive.
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Figure J.43. 0.84-V Ecuipotentlial Contour Plo, For A 100 g Small Circularly
Shaped Load Applied To The Sorface Of The Electrode Array - 'Tle
Sensor Was labricated Using A Polyiile Adhesive.
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Appendix K. Response of the Sensor to Several Different Weights

The following pages illustrate the sensor's ability to sense the shape of the

load applied to the surface of the tactile sensor IC for several different load weights.

The figures provided include one set of plots for 75 g, .50 g, and tO g loaC for the
sharp edge. small square, and small circle. The position of the load is the same as

the position of the load presented in Chapter VI.
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Figure N.2. 0.7-V Equipotential Contour PloL For A 75 g Sharp Edge Shaped

Load Applied To The Surface Of The Electrode Array.
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Figure K.3. 0.,7-V Threshold Plot Of A 75 g Sharp Edge Shaped Load Ta"els

With An Output. Level Above This Threshold Level Are Displayed As

Black Andriaxels With An Output Level Below This Threshold Level

Are Displayed As White.
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Figure K.5. 0.52-V lquipotential Contour Plot For A .50 g Sharp Edge Shaped
Load Applied To The Surface Of The Electrode Array.
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Figure K.6. 0.52-V Threshold Plot Of A .50 g Sharp Edge Shaped Load - Taxels
With An Output Level Above This Threshold Level Are Displayed As
Black And Taxels With An Output Level Below This Threshold Level
Are Displayed As White.
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Figure K.9. 0.5-V Thlreshold Plot Of A 10 g Sharp Edge Shaped Load - Taxels

r,,ith An Output Level Above This Threshold Level Are Displayed As

Black And Taxels With An Output LJevel Below This Threshold Level

Are Displayed As White.
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Figure 1K. 1. O.:39-V Ecjuipotential Contour Plot For A 7.5 g Small Square Shapc:d

Load Applied To The Surface Of The Electrode Array.
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Figure K.12. 0.39-V Threshold Plot Of A 7,5 g Small Square Shaped Load - Taxels
,\ith An Output Level Above This Threshold Level Are Displayed

As 13lack And Taxels With An Output Level Below This Threshold
Level Are )isplayed As White.
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Figuire 1K .1. 0.51-V EcJUipo0tenltial ContourI Plot For A .50 gSmall Square Shaped
Load Applied TPo The Surface Of The Electrode Array.
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Figure K.15. 0.51-V Threshold Plot Of A .50 g Small Square Shaped Load - Taxels
With An Output Level Albove This Threshold Level Are Displayed
As Black And Traxels With An Output Level Below This Threshold
Level Are Displayed As Whie.
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Figure I.18. 0.5-V Threshold Plot Of A 10 g Small Square Shaped Load - Taxels
With An Output Level Above This Threshold Level Are Displayed
As Black And Taxels Wit.h An Output Level Below This Threshold
Level Are Displayed As Whit.e.
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Figure K<.20. 0.68-V, Eqtiipotential ('ont~our Plot For A 7.5 gY Smnall Cirillarly.

Shalpd Load Apid 'ro rhe ,Sulface Of T[hle Electrode Array.
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Figure K .21. 0.68-V Threshold Plot Of A 73 Small Circularly Shaped Load - Ta-x-
els With An Outpuit Level Ab\ove This Threshold Level Are Displayed
As Black And Taxels Wit h An Output Level Below This Threshold
Level Are Displayed As White.
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Figure K.2:3. 0.67-V EcIulipotential Contour Plot For A 50 gSmall Circulari)
Shaped foad Applied To The Surface Of The E~lectrodle Arra.
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Figure K.24. 0.67-V Threshold Plot Of A 50 g Small Circularly Shaped Load -Tax-
els With An Output Level Above This Threshold Level Are Displayed
As Black And Tfaxels \,\With An Output Level Below This Threshold
Level Are Displayed As White.
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Figure K.26. 0.78-V Ecquipotential Contour Plot For A 10 g Small Circularly
Shaped Load Applied To The Surface Of The Electrode Array.
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Figure 1(.27. 0.78-V Threshold PLot Of A 10 g Small Circularly Shaped Load - Tax-
els With An Output Level \hoe This Threshold Level Are Displayed
As Black And Taxeis W.\ith ,\ Out put Level lBelow This Threshold
Level Are Displayed As White.
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Figure IK.29. 0.51-V £cjuipoteiitial Contour Plot For A 75 gPolygon Sh1aped Load
Applied To7 TheC SurIfaCe Of The Elecctrode Array.
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Figre IK.30. 0.51-V Threshold Plot Of A 7.5 gPolygon Shaped Load - Taxels \V\itli
An Outlput Level Above Thiis rhreshold Level Are Displayed As Black
And Taxels With An Output Level Below This Thr-eshlold Level Are
Displayed As White.
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Figure tK.32. 0.5-V Equipotential Con'omor Plot For A .50 g Polygon Shaped Load
Applied To The Surface Of The Electrode Array.
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Figlure 1K. 3:3. 0.5-V Threshold Plot Of A 50O Polygon Shaped Load - Taxels With
An Output Level *\boveTius Threshold Level Are Displayed As- Black
And Taxels With An Outo L)111evel Below This Threshold Level Are
Displayed As White.
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Figure 1K.35. 0.6-V Equipoteninal (Contoi, Plot For A 10 i" Polygon Shaped Load
Applied To The Surface Of Th Electrode Array.
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Figure K.36. 0.6-V Threshold Plot Of A 10 g PotSon Shaped Load Taxels With
A, Output Level Abov,-This Threshold Level Are Displayed As Black
And Taxels With An Oilpizl Level Below This Threshold Level -Are
Diplayed As Witte.

IK :--



Appendix L. TactIle Sensor Shape Plots 7'i Several Different

Locations

The lots p~resentedl in this appendix illustrate the tactile sensor's ability to

detect the same shapeC in several different locations onl its surface. The sharp edge,
sm1all squLare, ind small circular shapes were applied in several locations on the

sensor surface; each appllication resulteci in the development of three plojts: a

three-dimensional plIot of the norm,,!ized voltage output for each taxel, a. Contour

p~lot of the "best-fit" threshold leVel, and( the taIXel 011t1)UtS which are above and
O)eow that thiiresholdi leveL.
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Appendix M. Potential T- Gate !Vlultipiexe'r Design.7

InI the previous research. charge leakage duet( to interface problent., with an InI

situ mlt.Iilexci colnj)rouised the upl at ion of the tactile sensor integrated cirCuit

(1.5:6- 1: 4,6:Vf- ). InI this research effort, at conimer-cial muILltileIxer IC wvas uSed:

however, anl In si/tu multiplexer lv(I fit ire research efforts is still desiredl. To

eValuate thle funlCt.ionalIit,%- o1 an InI ,diu I-gate multiplexer (a clesign used by Capt

Fitch III his tactile senlsor Integrated ( rciit itIesearch). at 16-to-i 'f-gate multiplleNwi

Was fabricated using the tiny-chip foriiiat. offered by MOSIS. The rF-gte

muIIliplexer included it piet hout Of lest pi oke pad~s to facili tate chiaracteilin 12 of

ea;chi node inl a ge isignal pathi.

T-Gah A rray Dt.siyn A 16-to-I imult iplexer was designied usling CMIOS

T-ates arranged inl a - x -1 array. The T-gzate transistor sizing and ojptinliziligy

prIocess Wats Completed by Capt Fitch when thle multiplexer decsign was

incorporated as an lit ._idu element inl the tactille integrated circit sensor: the finial

design wvas a 19-to-I multil16lexer. Thie mnultiplexer designed inl this research effort

used the same M-agic CAD CIF? ile. but it removed 16 T-gates. loavino a 16-to-I

mu1tltiplexer ( Fi".1re MI I).. A 16-input desig-n was chosen lbccause It com responds t-

one fourth of' thle act ual tactile sensor array conlf igaluratloll. and it Could also be

easil IIIt egI ated 11I10t thle con t rdo schemie of t ie commlfercial mulItiplexer contIrol

CIIrcu it. Should this 111111 tiplexer h null(t ion properly . lou r of ihese imiltilex(ers ( 01111

be ulsed as anl ofl-chip lflhlltillexeI' for the tactile sensor. Each 'U-gate inl thle

mul11tipleximg array is seleci ed u1sing a cont ol Schemei Which selects one columni of

Ilhe arrax . and it al.so sliniult aiieoltslv melects olie row of illhe array. all(' Hii,. one(

i111)lit to [lhe multiplexer is pa."ed' im the( oulitil11.

Va rioiis I e~t pr-obe pads~ were m numr4a 1 d Inl the layou t of ilhe ImIt iplexci

ci rcu i . Th'e test pn o'e Ipadls prox id I iu dal i li to yerif 1 he T- nate S~elect !II lie

voltages iaross t ho IC. thle ilIpu)t ,ig~nat vol ages. and the Signal Voltages pa.sed

throughI thle selected T1-ates (1:igtiire M.2). Four hori'zontally selected r-,gate.,

p~ossess four to.st probv padls eachi. rius ( onfiguraion facilitates evaluation of tlie

select 1 conltrol line 1o1ae )mp, across .Ithe IC. The associated input signal

couresondii'g to each of I he.se foul T-gai e canl be trlaced across t he IC by p)laciil2

prob~e pad s oni aly .ii I;eq ilit I-gate ill its pathl
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"i1 1 Prfobe

Pad

ToMv'

Control Signal

Fihoure M.2. Schematic Dia-ran Of'rhi 'rest Probe Pad Locations In One Element
Of The 16-to-I .Multiplexer T-gate.

Control Sc/umr_ To select the T-gates in sequence. a ring counter was used in

the in silL version of the T-gate inulliplexer designed by (:apt Fitch: however. aftet

evaluation of the individual circuits. (apt Fitch discovered that. the ring counter

outiput did not Correspond with the ilheoretical outpluit predicted by SPICE

i-15:5-10). Therefore. ill thil. elfrort, inh ring comnter flunction will be realized

of-chip) arid only tile T-gate )erlormance will be evaluated. ine control of eaci

[-,_ate requires that the control sinal aud its coml)lement. and as a (ulSeylieilce.

eig-ht i'iverters were included to Colmlp!('lllellt tle input control signals. IW I ot l-

signal inverters possess probe pad., oi all input. and outputs to evaluate their

signal conversion capabiliiy..\,ddit ieially. diode protection is included ,n, the

inlputs to the control .ignal lie toI proiect ih- gat(e of these inverters. Appendix

cntains Ilhe S PICE' deck used to evtimi e the operat ion of tile inverter.

Stigqcsted T-GaIc .1!llIipl( X( r Eralunhaon The T-gate muliplexer IC -hould

be evaluated to determine the feasibility of incorporating t.he design into a

miuipixer on a fritlre generat-ion tactile sensor IC. To properly evaluaie the

milliplexer's design. each onpollenIt withinl it should be evaluated, and thell the

ent ire circiits perfornance should be niemsliel.

.\ I .:I



The IC should be plIacedl into an lite- I Circuit D~esign System Protoboard

andi~ coifigurcI-t With input Signals- li as supl olta-ge ( \'d)- and( ground. This
enlsembllle could then lbe p)ositioned benieat h thle \il jroman11iulator Probe station

where pin-point probes can lbe used to access the test probe pads on the WC.
Vol)tagye readings across the IC should be measured using a, digital niultimeter: thiey

include: those att the inverter. \.aind the input signal linies. Next. the control

IiiS)f the multiplexer should be Configutred to) route one of thle input linies to the

outp~ut pin. The voltage reading associated with this, signal should thenl be

nleasure(1e with a, digital multimieter and recordedl along thle signal p~at h. F inally.

the control signlals Ivsed to control the nitltiplex,'i . couldl be clocked at frequenies .

,pnning 50) lz to 100 k H1z. and tl( he01it put respowie shu d be displaved Onil IIe

digitdal sI ora(,e oscilloscope. \Variouis injpiit %~oltages" spanninig 0 V t.0 13 V shlould be

snl1lplied by at bat tery connected to the munltiplexer. ''lie- ouilpii respotise should

theni be displayed on thle digital storage oscilloscope, recorded, and Stored Onl a

floppy dlisket te via the Z-2-18 personal computer and a BASIC' program listed in

Appendix EL.
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